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Abstract  
Globally, wheat is a major grain crop and there has been extensive research into the 
protein components due to their functional significance particularly in breadmaking. 
There is now increasing recognition of the potential roles of starch both from nutritional 
and physicochemical perspectives. The benefits associated with the presence of resistant 
starch in foods have led to studies on a variety of starch sources, although relatively 
little of this has been on wheat starch. Therefore, the primary objective of this research 
has been to investigate resistant starch formation using starch sourced from wheat.  
In the preliminary phases of this study, starches from a range of sources have been 
characterised using scanning electron microscopy and X-ray diffraction in order to 
compare external morphological characteristics and internal granular infrastructure. The 
starches including wheat, potato, corn, rice, tapioca and mung bean, all presented with 
expected granule sizes, shapes and X-ray patterns. The arrangements of amylopectin 
and chain length within the granule were explored in more detail and have been related 
to granule size and shape. The starch sourced from mung beans gave unexpected results, 
particularly for the X-ray patterns and further research into a range of pulse starches 
appears to be warranted.  
In the following phase, bread was selected for evaluation as it is a staple food globally. 
The levels of resistant starch were measured in conjunction with the storage of loaves at 
various temperatures. For this, resistant starch was determined enzymatically and found 
to increase at a higher rate during storage under refrigeration conditions (4oC), followed 
by 22oC (room temperature) and finally -18oC (frozen). The samples were also 
concurrently subjected to X-ray diffraction. For this, an efficient, reliable and 
reproducible method of preparing bread samples for X-ray analysis was developed. 
When the data for the enzymatic analysis were related to the X-ray patterns, there was a 
statistically significant correlation between rates of resistant starch formation and X-ray 
patterns (R2 = 0.967). Therefore, X-ray diffraction could provide a useful, more rapid 
method for qualitatively evaluating the concentrations of resistant starch. 
A variety of starches was also studied for their thermal properties using differential 
scanning calorimetry. The purpose was to establish gelatinisation properties of the 
commercial wheat starch in order to form the basis for subsequent experimentation.  
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For this, sample preparation and heating rates of 2oC, 5oC and 10oC per minute were 
optimised and compared statistically with one-way ANOVA and a post-hock Tukey’s 
test. Significant (P<0.001) differences were observed between the three approaches and 
the variables analysed including onset, offset, peak temperature and enthalpy. It was 
determined that a temperature rate of 10oC per minute gave the most repeatable 
endotherms and was then applied to various starches including rice, corn, potato, mung 
bean and tapioca. Large differences were found in comparison with literature values and 
this is attributed to starch manufacture, sample preparation and instrument conditions.  
Previous research has indicated potential of hydrothermal treatments for increasing 
resistant starch concentrations for starch sources other than wheat. Therefore in the 
current study native wheat starch has been subjected to either heat-moisture treatments 
or annealing using various conditions selected so that gelatinisation does not occur. 
Scanning electron microscopy was used to confirm that gelatinisation had not taken 
place. It was observed that there were small changes to the surface of granules and this 
might relate to sites at which beneficial bacteria may be able to adhere and this might 
relate to these granules having prebiotic roles. The data from X-ray diffraction provided 
correlations with the increases in resistant starch concentration. These effects were more 
obvious following annealing treatments than for those involving heat and moisture. 
Therefore, wheat starch samples were subjected to extended incubation times with the 
annealing method and the resultant samples subsequently analysed with additional 
analyses including the determination of amylose content (enzymatically) and the degree 
of branching (nuclear magnetic resonance). The result was an overall increase in 
resistant starch content. From these results, a mechanism is proposed describing how 
amylose and amylopectin components rearrange within the internal granular structure 
during treatment.  
In summary, starches have been characterised using a variety of methods including 
scanning electron microscopy, X-ray diffraction and differential scanning calorimetry 
with a particular emphasis on starch sourced from wheat. This information was then 
used to form the basis for investigating hydrothermal treatment of wheat starch and the 
effects on increasing resistant starch levels. Annealing gave larger increases in resistant 
starch than heat-moisture treatments. Further studies are now recommended and the 
results have been used to develop a model for the internal granular changes that 
contribute to the increases in resistant starch. 
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Explanatory notes  
 
The purpose of these notes is to briefly describe the approaches adopted during the 
preparation of this thesis. They relate to spelling conventions, units of measurement, the 
expression of analytical results, as well as the referencing of literature sources: 
1. Where alternative spellings are in common use then the British rather than the 
American approach has been adopted in the text. Examples include the term colour 
(rather than color), words ending with –ise (rather than –ize) and some technical terms. 
2. Generally, for the presentation of results SI units have been used.  
3. In the citation and listing of references and information sources, the current 
recommendations of the American Psychological Association (6th Edition) have been 
applied throughout (see page 152).  
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Chapter 1  
 
Introduction  
 
 
The purpose of this chapter is to provide a very brief overview of the research program 
described in this thesis on the potential for wheat flour to act as a suitable source of resistant 
starch. The research project has been developed on the basis of the following aspects and 
issues. 
• Globally, wheat is a major crop and it is a staple food source for communities in many 
parts of the world. This partially reflects the versatility of the grain and resultant flour in 
food processing. 
• Among the everyday products manufactured from wheat are a diverse range of breads, 
both loaf and flat forms, muffins, pasta, cakes and many different types of noodles. 
• In Australia, wheat is grown in the states of Victoria, New South Wales, South Australia, 
Queensland and Western Australia with the last of these being the largest international 
exporter. Major export markets include Indonesia, Japan, South Korea, Malaysia, 
Vietnam and Sudan, along with a number of other countries which utilise Australian 
grain making wheat a significant contributor to the Agricultural and Food Industries in 
Australia and the national economy as a whole. 
• Wheat occupies approximately 57% of the total land area planted for crops in Australia 
and, although annual production does vary, in 2016 Australia produced in excess of 22 
million tonnes of wheat. 
• Wheat grains are also widely used as a source of starch for food processing and it is well 
documented that starches from different botanical sources possess a range of physical 
and chemical properties. This results in specific, although diverse applications for food 
manufacturing and processing.  
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• In addition to this wide range of applications, there is increasing evidence of health 
benefits with research now focussed around the form and function of resistant starch (a 
form of dietary fibre) in foods. Resistant starch has been shown to contribute a wide 
range of health benefits including weight loss and management, improved kidney 
function as well as anti-cancer properties.  
• Typically, the concentration of the resistant component of starches in the native form and 
in food products is relatively low, and is usually less than 5%.  
• Starches sourced from corn and rice have received considerable attention in the research 
efforts aiming to elucidate how formation of resistant starch might be enhanced and as 
part of a search for sources of resistant starch for subsequent incorporation into food 
formulations. Until now, little research has been conducted around the potential for 
starch from wheat to contribute nutritional benefits to the consumer in the form of 
resistant starch.  
Accordingly, the research project reported this thesis is based on the hypothesis that wheat 
flour can provide a suitable source of resistant starch in the human diet. Following a thorough 
review of current knowledge, the later chapters of the thesis report on the characterisation of 
wheat starch in comparison to other commercial sources; how resistant starch forms and 
behaves in a model breadmaking system; and finally the effects of hydrothermal treatments 
on resistant starch formation as well as the internal structure and properties of wheat starch 
granules.  
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Chapter 2 
Background and literature review 
Starch structure, functional properties and nutritional relevance 
 
 
The purpose of this chapter is to discuss the background knowledge of starch in terms of its 
molecular structure, integrity and internal architecture. This chapter will also describe the 
morphological and crystalline characteristics of starch along with how the human body 
digests and absorbs carbohydrates, in general, with a particular emphasis on starch.  
 
2.1   Carbohydrate structure and background  
 
Starch is one of the most abundant, and widely exploited, polymers found naturally on earth 
and belongs to a class of food molecules known as carbohydrates (Copeland, Blazek, Salman, 
& Tang, 2009). Carbohydrates typically have a generalised molecular formula of CnH2nOn 
where monosaccharides, commonly referred to as ‘simple sugars’, are among the smallest 
form of carbohydrate that can exist in food and examples include mannose, xylose and 
fructose (Figure 2.1). 
Starch is a polymer, made up of smaller ‘building blocks’ known as monomers and in the 
case of carbohydrates these monomers, or single units, are called monosaccharides (Whitney, 
Rolfes, Crowe, Cameron-Smith, & Walsh, 2011). 
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As evident in Figure 2.1, monosaccharides can differ in a number of ways and one of the 
most significant differences is the variation in functional groups that are present. For 
example, the carbonyl groups found in monosaccharides are in the form of either a ketone 
(ketoses) or an aldehyde (aldoses) (Figure 2.2). These functional groups are the centres for 
carbohydrate reactivity and the active carbon centre is referred to as the anomeric carbon. In 
aldoses the anomeric carbon is always at carbon one whilst in ketoses it is located at carbon 
two (Ross, 2012). 
 
 
 
Figure 2.1    Examples of simple sugars:   tallose (a), galactose (b) and mannose (c) 
Figure 2.2    The carbonyl functional groups that appear in carbohydrates, ketones (a) and 
aldehydes (b) 
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The monosaccharides shown in Figure 2.1 are represented in their straight chain forms known 
as Fischer projections. The carbonyl group is located at the top and the methylol (-CH2OH) is 
at the bottom separated by chiral carbons attached to hydrogens and hydroxyl groups. The 
carbons are numbered from the top to the bottom and it is the position of the hydroxyl group 
on the highest numbered chiral carbon determines if it is a D or L-sugar. If the hydroxyl is on 
the left of the carbon then it is an L-sugar whilst if it is on the right it is a D-sugar (Wade, 
2010). Each of the monosaccharides shown in Figure 2.1 are represented in the D 
configuration.   
Although sugars can exist in this straight chain Fischer presentation, they are more commonly 
found in cyclic structures which are represented as Haworth projections. When both a 
hydroxyl group and a carbonyl group is present in a molecule, intramolecular nucleophilic 
addition (Figure 2.3) is possible resulting in a cyclic hemiacetal or hemiketal, depending 
upon the functionality of the original carbonyl group (McMurry, 2004).  
 
Figure 2.3    The conversion of glucose from its Fischer format to the more commonly 
occurring cyclic structure shown as the Haworth projection 
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The cyclisation process generates an additional chiral carbon at the point of the original 
carbonyl group, the anomeric carbon. Therefore, two additional diastereoisomers known as 
anomers are produced; referred to as the alpha (α) and beta (β) forms (Figure 2.4). The α 
anomer is produced when the hydroxyl group is trans to the methylol group whilst the β 
anomer is produced when the hydroxyl group is cis to the methylol group. Whilst both 
anomers are produced, one will be preferred; in the case of glucose, the β form will be the 
preferred anomer as its constituents are all equatorially orientated allowing for minimal steric 
crowding and therefore maximum stability (McMurry, 2004).  
 
 
 
 
When converting Fischer diagrams to Haworth projections, all constituents on the left of the 
Fischer diagram are placed above the plane of the ring whilst constituents on the right are 
placed below. Numbering is initiated from the anomeric carbon going clockwise and the 
methylol group placed up for D-sugars, and down for L-sugars (McMurry, 2004).  
 
 
Figure 2.4    The possible interconversion of the two anomers of glucose, beta and alpha, 
whereby the beta configuration exists in higher concentrations   
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2.2    Bonding between monosaccharides 
 
When monosaccharides are in the cyclic form they have the ability to bond to each other via a 
condensation reaction with the subsequent elimination of water. By this reaction, 
monosaccharides can link together leading to the formation of disaccharides, higher 
oligosaccharides and ultimately to a polymer; a polysaccharide. The bond that is formed, 
referred to as a glycosidic linkage, is covalent in nature and therefore comparatively strong 
due to the sharing of electrons between the atoms involved (Brown et al., 2010).  
In starch, the monosaccharide that undergoes the condensation reaction is D-glucose (Figure 
2.5). The size of these carbohydrate polymers is described using a term known as the degree 
of polymerisation (DP), also referred to as the DP value. This describes the number of 
monomers present in a carbohydrate structure; where the greater is the DP value, the larger 
the polymer (Ross, 2012). In carbohydrates the DP value can cover a wide range with one 
corresponding with free, unbound monosaccharides, including glucose or fructose, is 
involved. Disaccharides, particularly sucrose, lactose and maltose in food systems, are sugars 
containing two monomers joined glycosidically. Next in order of increasing chain length are 
the oligosaccharides, such as malto-oligosaccharides, having a DP from three to nine. Finally, 
there are polysaccharides, a classification that contains all carbohydrates having DP greater 
than nine; this includes starch, which is a relatively large molecule and is the subject of the 
remainder of this literature review.  
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Figure 2.5    A condensation reaction between glucose and galactose resulting in the 
disaccharide, lactose, the primary sugar found in bovine milk 
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In starch, monosaccharides are found linked in both linear and branched chains where the 
relative proportions of each directly affect their properties and processing factors. Linear 
glycosidic bonds are termed  α(1→4), where carbon one of one glucose molecule bonds to 
carbon four of another glucose molecule (McMurry, 2004) (Figure 2.6).   
 
 
Figure 2.6 The α(1→4) bond that can exist between two glucose units 
 
 
On the other hand, α(1→6) glycosidic bonds are those which are found at the points in the 
structure of the starch polymer where branching occurs and carbon one of one glucose 
molecule bonds to carbon six of an adjacent glucose unit (Wade, 2010) (Figure 2.7).  
 
 
Figure 2.7 The configuration of an α(1→6) bond between two glucose units 
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Structurally, starch exists in two main forms known as amylose and amylopectin. Amylose is 
a relatively small molecule that is described as being predominantly linear whilst amylopectin 
is a much larger molecule that is highly branched. The structural differences between these 
two main forms of starch are compared and contrasted in Table 2.1 (Copeland et al., 2009). 
 
Table 2.1 Comparison of the structural properties of amylose and amylopectin (Ross, 
2012) 
 
Property  Amylopectin Amylose  
General structure  Tree-like  Essentially linear 
Proportion of α(1→6) linkages (%) 5.0% <0.5% 
Degree of polymerisation  5,000 – 50,000 250 – 1,000 
Molecular weight (g mol-1) 106 – 108 104 – 105 
 
The lack of substitution and straight chained nature of amylose allows for significant 
intermolecular hydrogen bonding, resulting in self-aggregation which renders it insoluble in 
cold water. In contrast, the highly branched nature of amylopectin prevents self-association, 
allowing a higher degree of solubility, although limited by its large molecular weight (Ross, 
2012). The degree of branching and chain length clearly has a large effect on solubility which 
in turn depends on a range of factors including source, conditions of growth and genetic 
diversity of the plant source.  
The relative proportions of amylose to amylopectin can vary significantly from source to 
source though it is generally accepted that most starches are approximately 25% amylose and 
75% amylopectin (BeMiller & Whistler, 2007). Exceptions include varieties of starches 
known as high amylose starches and waxy starches, which are practically 100% amylopectin. 
Variations in the ratio can significantly affect the functionalities of the starch in foods (Ross, 
2012); Table 2.2 below shows the variation in amylose in some common sources of starch. 
 
 
2.3   The natural forms of starch 
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Table 2.2  Examples of the proportions of amylose found in some common sources of 
starch (BeMiller & Whistler, 2007) 
 
 
Source  Amylose (%) 
Wheat 28 
Tapioca 17 
High amylose corn 50-70 
Waxy corn 0 
Potato 21 
 
 
From around 1940 it has generally well accepted that amylopectin has a tree-like structure, 
although analysis since then involving pullulanase, which selectively cleaves α(1→6) 
glycosidic bonds, has resulted in deeper insights (Coultate, 2009).  The now more accepted 
Cluster Model as described by Robin, Mercier, Charbonniere, and Guilbot (1974) provides 
evidence to suggest that two main types of chains exist within amylopectin. The A-chain, 
having an average chain length of around 15 glucose units, is more abundant whereas the B-
chain with an average degree of polymerisation of around 40 glucose units is less 
predominant. The resulting model consists of primary B-chains carrying numerous, shorter 
A-chains branching from them. In addition, within each molecule of amylopectin there is one 
chain called the C-chain which is unique as it carries the reducing end group (Figure 2.8). 
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Figure 2.8 The cluster model of amylopectin structure (Coultate, 2009) 
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2.4   Starch granules  
 
Starch molecules occur in larger sub-cellular structures known as granules. These are found 
in all plant tissues where starch occurs and the starch granule has a hierarchical internal 
structure containing both amylose and amylopectin in a semi-crystalline matrix. Typically, 
granules have a shape that is roughly spherical. Internally, the structure is made up of growth 
rings that expand out with diameter distance from the centre of the granule, which is known 
as the hilum. These growth rings have alternating layers of crystalline and amorphous 
domains of higher and lower density, respectively. Within the higher density regions, 
additional alternating amorphous and crystalline layers exist and these are primarily 
composed of amylopectin. A lattice of closely packed amylopectin chains is found in the 
crystalline layers whilst the branching points of amylopectin make up the amorphous regions. 
The amylose portion of the granule is located largely within the lower density regions of the 
growth rings, though may also be present in trace amounts between layers of crystallised 
amylopectin (Copeland et al., 2009) (Figure 2.9).  
 
 
Figure 2.9 The alternating crystalline and amorphous regions within a starch granule 
(Coultate, 2009) 
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The granular morphology of starch granules varies in both size and shape (Figure 2.10) 
depending largely on the arrangement and relative proportions of amylose and amylopectin 
within the granule (Zavareze & Dias, 2011). For instance, rice starch granules are relatively 
small and somewhat angular in shape whilst granules of potato starch are much larger and 
more oval in shape. Some starches, such as wheat, triticale and barley, have a bimodal size 
distribution. In wheat starch, the smaller granules have diameters ranging from 1 to 10µm 
(known as B-granules) and larger ones with diameters ranging from 15 to 40µm (known as 
A-granules) (Copeland et al., 2009). 
In view of these particle sizes scanning electron microscopy (SEM) is a very valuable 
analytical technique that allows observations of granular surface characteristics. SEM is also 
a very effective means of monitoring changes in granule structure, in processes such as, 
swelling, expanding, digestion and rupturing.     
 
 
Figure 2.10 Scanning electron micrographs of rice (a), potato (b) and wheat (c) starch 
reflecting the diversity amongst granules based on their source 
 
Non-starch components, particularly lipids, are also found in granules including those in 
cereal grains and flours. These primarily occur in the form of free fatty acids and 
lysophospholipids, with the proportions appearing to vary significantly between cereal 
species. In addition, the ash content is relatively low, ranging between 0.1 - 0.5% primarily 
comprising ionic phosphate monoester salts of calcium, magnesium, sodium and potassium 
(BeMiller & Whistler, 2007).  
  
15 
2.5 Crystalline properties of starch  
 
Starch, both in the form of amylose and amylopectin, possesses the ability to form crystalline 
structures. In the case of amylopectin, when the DP is greater than 10, double helices can 
form thereby giving rise to regular repeating structures, known as crystals (Copeland et al., 
2009). These can be characterised using X-ray Diffraction (XRD) where three main forms 
have been identified (Table 2.3), namely, A, B and C (BeMiller & Whistler, 2009).   
The A-type crystal is made up of amylopectin double helices that typically have very closely 
associated short chains separated by water molecules. Specifically, the unit cell is monoclinic 
possessing twelve double helices and four water molecules. Hydrogen bonding occurs 
between the double helices either directly or indirectly via water molecules (BeMiller & 
Whistler, 2007).   
The B-type crystal structure is very similar to the A type although it is significantly less 
compact allowing for additional water molecules within the core of the crystal (Copeland et 
al., 2009). The B-type unit cell is hexagonal where the double helices are arranged in a way 
that forms a channel in the centre. It is in this channel that the water molecules are found, 
some H-bonded to amylose and the remainder H-bonded to other water molecules (BeMiller 
& Whistler, 2007). X-ray diffractograms allow differentiation of starches on the basis of the 
A- and B-type crystal patterns as shown in Figure 2.11.  
An interesting correlation between amylopectin crystal formation and the growing conditions 
of the food has been noted. Moist, cooler, growing conditions tends to promote the B-type 
crystal (with a hydrated core) whilst warmer, dryer, conditions encourages type A crystal 
formation, with significantly lower hydration (BeMiller & Whistler, 2009).  
Lastly, the C-type crystal has an X-ray diffractogram that is described as a mixture of A-type 
and B-type crystals. The C type crystal is the least commonly occurring of the three, and is 
found in legumes, fruits, and some root vegetables including sweet potato (Copeland et al., 
2009).  
  
16 
Table 2.3  2θ Angles observed in XRD from crystalline forms of starch 
 
Crystal form  Angles (2θ) Reference 
A 15°, 17°, 18°, 23° Fu, Wang, Li, Zhou, and Adhikari 
(2013) 
B 5.6°, 17°, 22°, 24° Wang, Tang, Fu, Huang, and Zhang 
(2016) 
C 5.7°, 15°, 17.1°, 24.1° Elmi Sharlina et al. (2017) 
 
 
Figure 2.11   X-ray diffractograms comparing crystallinity of wheat and potato starch 
 
The other molecular form of starch, amylose, can also form double helices and therefore, 
crystalline phases. The crystals are held together primarily via hydrogen bonding and the 
association is rather strong due to the linear nature of amylose. In addition, amylose chains 
can also form single helices that complex with molecules and ligands, including free fatty 
acids (Ross, 2012). They have a hydrophobic core and are apparent in diffractograms, 
typically displaying peaks that are termed the V type crystal (Copeland et al., 2009). 
Typically, V-type appear peaks are at 2θ angles of 14.3o and 19.8o (Shi, Chen, Yu, & Gao, 
2013).  
These amylose-lipid complexes have the hydroxyl groups on the surface whilst the inner core 
possesses the fatty acid, methylene groups and glycosidic oxygens. In contrast, due to its 
0
2000
4000
6000
8000
10000
12000
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
C
o
u
n
t
s
2θ
Wheat starch
Potato starch
17 
highly branched structure, amylopectin does not form complexes with lipids and therefore the 
ratio of amylopectin to amylose is a significant factor when estimating the amount of lipid 
that is associated with starch. For instance, it has been estimated that in the granules of 
cereals, which are approximately 1% lipid, between 15% and 55% of the amylose is 
complexed with the lipids (Copeland et al., 2009).  
 
2.6 Functionally significant properties of starch  
 
Very few foods purchased by consumers today possess ‘raw’ or ‘native’ starch. Most have in 
fact encountered some form of processing before sale and this usually involves the 
application of heat in the presence of water, followed by subsequent cooling. In appropriate 
conditions, starch undergoes gelatinisation initially and subsequently, retrogradation. As 
these are encountered widely during food manufacture, a thorough understanding of how they 
affect the functional properties of starch is essential (Owusu-apenten, 2005).  
 
2.6.1 Gelatinisation  
 
The application of heat to starch in the presence of excess water, results in changes termed 
gelatinisation, and these are accompanied by irreversible structural changes to the granules. 
These changes occur above a certain temperature, known as the gelatinisation temperature, 
which is found to be highly specific to the botanical origin of the starch.  
Initially during heating, some of the water penetrates the starch granule which is capable of 
absorbing up to 30% of its dry weight in moisture. This hydration process involves water first 
entering the amorphous growth rings and, beyond a certain degree of swelling, then invades 
the crystalline regions. As a result of this hydration, the granules can expand in size by 
around 5% (Hoseney, 1994). With exposure to a heat source to just below the gelatinisation 
temperature this process of absorption and swelling is reversible; it is when this temperature 
is exceeded that the resultant changes are irreversible. It is noted that, as granule size will 
vary within a given food source, the gelatinisation temperature will be a range, rather than a 
single temperature (Coultate, 2009).  
In the case of wheat starch, the gelatinisation temperature lies between 50 and 57oC. 
Gelatinisation destroys the internal structure, the granules swell to several times their original 
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size and amylose leaches out of the granules particularly under the application of shear 
(Hoseney, 1998). Granule swelling is a direct result of thermally induced vibrational 
breakage of the hydrogen bonds in the amylopectin helices (Ross, 2012). This allows 
amylopectin to hydrogen bond with the penetrating water pushing the chains apart. It is this 
granule expansion along with the release of amylose that results in an increased viscosity of 
the solution and eventually, if heating is continued, a paste forms. This degradation is 
accompanied by a loss of birefringence when granules are viewed with a microscope utilising 
plane-polarised light (Hoseney, 1994) and is also reflected in XRD diffractograms. Granule 
expansion can be readily observed using a microscope fitted with a controllable heating stage 
(Ross, 2012).  
During heating, once this maximum viscosity is reached, the viscosity actually decreases with 
continued stirring (shear) as starch pastes are rheologically thixotropic (Ross, 2012). That is, 
the paste experiences non-Newtonian, shear-thinning behaviour with the apparent viscosity 
decreasing; depending upon the length of time that shear is applied. This results from granule 
disruption and the alignment of the macromolecules along the direction of the shear force. 
These particular changes, however, are reversible, with the fully gelatinised system reverting 
to its disordered amorphous liquid/paste form upon standing (Bourne, 2002).  
 
2.6.2 Retrogradation  
 
After these high temperature shear-induced events the starch medium is usually then cooled. 
This results in yet another increase in viscosity and is a result of the now gelatinised 
amorphous starch converting to a more ordered crystalline form (Ross, 2012). The final 
viscosity is in fact higher than that of the maximum viscosity achieved following 
gelatinisation (Hoseney, 1994). This process is referred to as retrogradation and results from 
one of the properties of amylose that makes it insoluble in cold water. As cooling occurs, the 
amylose tends to aggregate as additional intermolecular hydrogen bonds form, resulting in 
the formation of a weak gel. Recrystallisation of the amylose then occurs very rapidly, over a 
period of minutes. In comparison, the amylopectin fraction of the starch also recrystallises, 
but more slowly over a period of hours to days (Ross, 2012). If the resultant gel is allowed to 
stand at a constant, cool, temperature for an extended period of time, the starch chains tend to 
bond more strongly with themselves rather than the water, which is expelled from the system. 
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Droplets can be observed on the surface of the starch gel, an undesirable process termed 
syneresis (Coultate, 2009). For measuring these rheological events, various viscometers have 
been developed specifically to measure these changes and examples include the Brabender 
Amylograph/Viscograph and the Rapid Visco-Analyser (Ross, 2012).  With these instruments 
and others, controlled, continuous stirring and heating are applied to a sample, producing 
viscosity measurements based on the force needed to move the analysis spindle (Hoseney, 
1994).   
 
2.7    Carbohydrate digestion, absorption and metabolism  
 
Increasingly in nutrition and in food product development there is an emphasis of the ability 
of some starches to resist digestion. It is therefore essential to understand how carbohydrates, 
particularly starch, are broken down in the body, absorbed and utilised. Accordingly, this is 
the focus of the next section.  
 
2.7.1    Starch digestion  
 
Digestion of carbohydrates within the human body starts in the oral cavity where mastication 
breaks food into smaller particles. These have a larger surface-area-to-volume ratio for 
efficient coating with saliva and facilitation of swallowing (deglutition). Saliva (pH 6.8), 
which is secreted from three different glands, consists of 99% water with the remaining 1% 
comprising a range of enzymes and electrolytes (Dods, 2013).  
One of these enzymes is α-amylase and it has the important ability to randomly cleave the 
α(1→4) linkages found in starch. Therefore, initiation of starch hydrolysis occurs as soon as 
food is ingested and comes into contact with saliva in the mouth (Ross, 2012). 
The food then passes through the pharynx via the oesophagus into the stomach where 
proteolytic and lipolytic enzymes are released, together with hydrochloric acid (HCl). This 
highly acidic environment (pH 1.0) deactivates the salivary α-amylase and therefore no 
carbohydrate digestion occurs within the stomach; proteolysis and lipolysis are the primary 
catabolic reactions here (Perera, Meda, & Tyler, 2010). From the stomach, the mixture - 
called chyme - enters the duodenum of the small intestine where secretions from both the 
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pancreas and gallbladder increase the pH to 7.8 (Dods, 2013; Jackson & McLaughlin, 2009). 
This increased pH environment facilitates the action of α-amylase which has been secreted by 
the epithelial cells found on the wall of the small intestine and also by the pancreas. It is 
worth noting that the α-amylases being synthesised in two separate parts of the human body 
(salivary and small intestinal regions), have distinct gene codes and these produce different 
intermediary oligosaccharide products (Robyt, 2009). Protein and lipid hydrolysis, 
accelerated by a range of enzymes produced by the pancreas, also continues in the small 
intestine (Jackson & McLaughlin, 2009).  
Starch hydrolysis continues enzymatically so that the polysaccharide is broken down into 
oligosaccharides and eventually into maltose and α-dextrins. Maltose is a disaccharide 
consisting of two glucose units joined with an α(1→4) linkage, which, despite its ready 
cleavage elsewhere in the digestion process, cannot be cleaved by α-amylase due to the 
shortness of the chain. In addition, α-amylases are unable to cleave α(1→4) bonds that are 
adjacent to α(1→6) branching points (Wong & Robertson, 2002) or adjacent to already 
hydrolysed bonds (Dods, 2013). It is therefore impossible to produce glucose from maltose 
by the action of α-amylase alone; maltase, another enzyme biosynthesised by the pancreas, 
completes the conversion to glucose. The other fragments that resist the action of α- amylases 
are the α –dextrins which contain α(1→6) linkages which are not hydrolysed by this enzyme 
and so remain undigested (Dods, 2013).  
The lining of the intestine is made up of curvatures known as villi and microvilli that aid in 
the absorption of nutrients by creating an increased ratio of surface-area-to-volume. Coating 
the villi and microvilli is a surface known as the glycocalyx, which contains a number of 
other carbohydrate enzymes including maltase, lactase, isomaltase, sucrase, trehalase and 
limit dextrinase (Ross, 2012). In order for carbohydrates to be absorbed through the wall of 
the small intestine and be utilised they must be in the form of monosaccharides and hence the 
secretion of these enzymes and hydrolysis to monosaccharides is the final digestive step for 
most of the available carbohydrates consumed (Jackson & McLaughlin, 2009). Figure 2.12 
summarises the primary locations and processes associated with the digestion of 
carbohydrates in the human body. 
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Figure 2.12    Summary of the primary stages and processes associated with human digestion 
of  carbohydrates 
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2.7.2    Carbohydrate absorption  
 
Carbohydrate absorption is assisted by a variety of processes which accomplish the transfer 
of monosaccharides from the small intestine through the villi and the microvilli into the blood 
stream. One process, known as active transport, acts to absorb sugars against a concentration 
gradient. This requires energy expenditure and the facilitation of a transporter molecule in the 
form of a protein complex, namely sodium-glucose transport protein-1, which transports 
glucose and galactose into the blood stream (Jackson & McLaughlin, 2009). This involves 
the movement of glucose and galactose up a concentration gradient (from low 
monosaccharide concentration to a location having higher) whilst sodium ions move down, 
where the energy required to maintain the sodium pump is provided in the form of adenosine 
triphosphate (ATP) (Sanders & Lupton, 2012). 
Another possible transfer mechanism is that referred to as passive transport and as its name 
suggests, this process requires no energy expenditure. It depends upon differences in osmotic 
pressure allowing monosaccharides to diffuse across the villi and microvilli. This is a 
significantly slower process than active transport and cannot occur against a concentration 
gradient. Most hexoses, apart from glucose, galactose and fructose, as well as pentose 
monosaccharises, are absorbed via passive transport (Ross, 2012).  
The final option for monosaccharide absorption is known as facilitated transport and proceeds 
from low concentrations to high. Fructose is absorbed by this method which involves a 
carrier protein known as GLUT5, and does not require sodium ions to operate as occurs in 
active transport (Jackson & McLaughlin, 2009). The three main processes involved in 
carbohydrate absorption are summarised in Figure 2.13. 
For measuring the rate of absorption, the glucose tolerance test or glycaemic index (GI) has 
been adopted as a useful means of evaluating the concentration of glucose in the blood over a 
given period of time. It was developed by Jenkins et al. (1981) and involves a human subject 
fasting overnight then consuming of a food sample containing 50g of carbohydrate. Blood 
glucose levels are then measured at regular intervals, generally over a two hour period, 
resulting in a graph showing blood glucose concentration as a function of time.  
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Figure 2.13    Summary of the primary absorption processes for monosaccharides in the 
human small intestine 
 
The food sample is compared against a standard or reference material, and typically 50g of 
white bread is used for this purpose (Coultate, 2009). The GI rating is generated from the 
results where the faster the carbohydrate is digested and absorbed, the higher the GI rating. 
Foods that have a GI less than 55 are termed ‘low GI’, and include foods such as fruit, 
vegetables and dairy products. On the other hand, foods with a GI greater than 75 are referred 
to as ‘high GI’ and include white bread and most breakfast cereal products (Ross, 2012). 
Examples of foods with varying glycaemic indices are shown in Table 2.4.  
 
 
  
Active 
transport
•Moves monosaccharides up a sodium ion based 
concentration gradient with the aid of a carrier protein and 
ATP. 
Passive 
transport 
•Is comparatively slow compared to the other methods and 
utilises differences in osmotic pressure for monosaccharide 
diffusion. 
Facilitated 
transport 
•Is facilitated by a carrier protein and requires no energy. 
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Food Glycaemic index  Glycaemic level   
Lentils 29 Low GI 
Wholemeal spaghetti  42 
Porridge oats  49 
Muesli 66 Medium GI 
White bread  69 
White rice 72 
Broad beans 79 High GI  
Cornflakes  80 
White potatoes  80  
 
2.7.3   Carbohydrate metabolism  
Once the glucose has been successfully transported from the small intestine into the blood 
stream it is then utilised in a number of ways.  
 
2.7.3.1  Glucose as an energy source in the body 
 
The primary role of glucose in the body is to provide a fuel an energy source for cell 
metabolism. For this, the energy is effectively transferred and trapped in a molecule of ATP 
and this transfer involves a number of sequential steps.  
Briefly, the six carbon molecule, glucose is converted into two three-carbon molecules 
known as pyruvate, by the pathway of glycolysis. The fate of pyruvate is then dependent 
upon the availability of molecular oxygen and if the environment is oxygen-poor (anaerobic), 
pyruvate is converted into lactate with the release of hydrogen atoms that are subsequently 
used in the formation of ATP (Whitney et al., 2011).  
Figure 2.14    Common household food listed with their respective glycaemic indicies 
demonstrating the diversity (Birt et al., 2013) 
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In an oxygen-rich environment (aerobic), the three-carbon pyruvate molecules are converted 
into two-carbon molecules, known as acetyl CoA, with the remaining carbon atom released 
as carbon dioxide (Ross, 2012).  
The next step in the transfer of energy is acetyl CoA entering the tricarboxylic acid (TCA) 
cycle. This is a multistep process that involves the release of electrons into the electron 
transport chain which leads to the production of ATP, in much greater quantity than that 
produced by the anaerobic pathway (Sanders & Lupton, 2012). 
 
2.7.3.2    The short term storage of glucose  
 
Glucose, when surplus to the immediate requirements of the body, is transported to the liver 
and skeletal muscle cells where glucose units are condensed to produce a highly branched 
storage polysaccharide known as glycogen. This process, known as glycogenesis, can be 
reversed when blood glucose levels drop, with the glycogen being subsequently hydrolysed 
to again provide glucose which is either utilised within the tissue or returned to the blood 
stream as required (Sanders & Lupton, 2012).  
 
2.7.3.3 Fat production from excess glucose  
 
When the energy needs of the body have been met and the maximum amount of glycogen has 
been produced, further excess of glucose is converted into a new molecular form, fat, that is 
more suitable for long term storage. Under these circumstances, ATP is in abundant supply 
and, since the requirements of the body for ATP have been met, acetyl CoA is now used as 
the building block for fat production. It is in this way that excess carbohydrate consumption 
leads to weight gain if energy expenditure does not balance energy input (Whitney et al., 
2011).   
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2.8   Overall summary of knowledge  
 
In the context of food and nutrition, starch represents a major source of energy for many 
consumers, globally. Much is now known regarding the behaviour of starch in food systems 
and the molecular structures which are the basis of understanding these properties. In 
addition, the role of granules and crystallinity of starch have been the subject of increased 
research efforts. As knowledge of digestion, the importance of probiotic bacteria as well as 
the nature of dietary fibre has developed, it has consistently been observed that a small 
proportion of dietary starch is not digested by the enzymes produced and secreted by humans. 
This has led to the recognition of resistant starch as that proportion that is not subject to 
breakdown by the mechanisms described in the current chapter. Accordingly, recent 
developments and the accumulating knowledge in this area is reviewed in the following 
chapter. 
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Chapter 3  
Background and literature review  
Overview of resistant starch and associated health benefits  
 
 
The purpose of this section is to introduce the concept of resistant starch and describe the 
different forms of resistant starch as well as their respective food sources and structures. The 
ability for resistant starch to function as a prebiotic and express health benefits is also 
discussed in some detail.   
 
3.1    Resistant starch: background and definition  
 
The term resistant starch (RS) was first used and described 1982 (Englyst, Wiggins, & 
Cummings, 1982) and refers to the portion of starch that is not enzymatically degraded as a 
result of the action of human digestive enzymes, in either the mouth or the small intestine. RS 
therefore passes undigested into the large intestine where it has been shown to act as a 
prebiotic. This term refers to carbohydrates which are not broken down by human digestive 
enzymes but which are at least partially utilised by the bacterial microflora of the lower 
digestive tract. As a prebiotic, RS has been shown to provide a number of important health 
benefits (Sharma, Yadav, & Ritika, 2008) that will be discussed in later sections of this 
chapter. To date, five forms of RS have been reported (namely, RS1 – RS5, Table 3.1) which 
have been characterised based on their respective mechanism of digestive resistance 
(Homayouni et al., 2014).  
RS1, which is commonly found in some tubers as well as milled seeds and grains, is often 
described in the literature as “physically inaccessible starch”. In this way a physical barrier is 
present, often a cell wall, that prevents enzymes from coming into contact with starch 
granules. RS1 is also thermally stable, therefore having processing advantages for product 
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developers and food manufacturers (Fuentes-Zaragoza, Riquelme-Navarrete, Sánchez-
Zapata, & Pérez-Álvarez, 2010).  
RS2 is best described as native or “raw” starch, where the starch has not undergone any 
thermal processing, leaving the starch granule intact. Commonly found in raw, green, 
bananas, it is the crystalline nature of the starch that limits enzymatic digestion (Fuentes-
Zaragoza et al., 2010).  
 
Table 3.1   Summary of RS forms and some foods in which they occur 
 
Form Description Food sources Reference 
RS1 Physically inaccessible 
starch 
Whole or partially milled 
seeds, legumes and pasta  
Homayouni et al, 2014.  
RS2 Raw, ungelatinised 
starch 
Green bananas Zhang & Hamaker, 2012.  
RS3 Recrystallised amylose Foods that have been 
cooked then cooled, 
including potato and pasta 
salads  
BeMiller, 2007.  
RS4 Chemically modified 
starch  
Not naturally occurring  Zhang, Xu & Jin, 2012.  
RS5 Amylose-lipid complex  High amylose foods  Fuentes-Zaragoza et al, 
2011.  
 
RS3 refers to starch that has undergone some form of processing causing the starch granules 
to recrystallise, or, retrograde. This is usually achieved by hydrothermal processes causing 
starch gelatinisation with subsequent cooling allowing the starch to take its resistant, 
crystallised form. RS3 is of particular interest to the industry as, unlike RS1 and RS2, for 
RS3 there is the potential for this to form during food manufacturing and processing 
(Fuentes-Zaragoza et al., 2010). Salads having a cooked starch component or other starchy 
foods that have undergone a heating cycle, including pasta or rice, contain RS3. 
RS4 is the term given to starch that has been chemically modified, thereby reducing 
digestibility. Such modifications may include etherisation, esterification or cross-linking and 
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often results in a starch having a higher degree of modification compared to standard 
chemically-modified starches. For this reason, RS4 is considered to be a novel food and is not 
yet approved by the European Union for use within Europe, although it has now been 
approved for use in Japan (Fuentes-Zaragoza et al., 2010).  
RS5 is currently the last type of RS having only been reported in the literature in the past 
three to four years. RS5 specifically refers to that portion of the amylose fraction of the starch 
which has been complexed with lipids to form a helical structure (Dupuis, Liu, & Yada, 
2014). Given the recent addition of RS5 to the list, it is possible that additional types of RS 
might be revealed as a result of ongoing research. 
With regard to the RS content in foods, it does vary and appears to be very dependent upon a 
range of factors including the processing conditions applied as well as storage time. 
Typically, the native RS content in foods is relatively low and Table 3.2 presents data for the 
RS content for a range of common, everyday foods.  
 
Table 3.2    The RS content in a range of common food products found in Australia  
 
Food name  Highest RS (g/100g)  Lowest RS (g/100g) 
White bread rolls  0.91 0.55 
Rye bread rolls  4.5 3.2  
Corn bread, taco shells and 
tortillas  
0.85 0.85 
Sweet biscuits  1.3 0.96 
Muesli bars  0.2 0.2 
Potato chips  4.5 4.5  
Hummus  4.1  4.1 
Croissant  0.7 0.4  
 
Source:    (Roberts, Jones, Rutishauser, Birkett, & Gibbons, 2004) 
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3.2 Resistant starch as a carbon source  
RS is a prime example of a prebiotic, which results in significant number of associated health 
benefits resulting from its consumption. In order for a food component to be classified as a 
prebiotic, it must satisfy certain criteria (Zaman & Sarbini, 2016). The food component must: 
• Resist mammalian digestion and hydrolysis both with acid and enzymes and hence also 
subsequent absorption; 
 
• Be fermentable by selected bacteria in the large intestine; and 
 
• Through bacterial fermentation contribute to the health of the host.  
 
Few studies have investigated starch fermentation in humans although some have reported 
negligible amounts of starch in faecal matter suggesting complete fermentation and that RS is 
a preferred substrate (Blakeney, 2006).  
A number of studies have included in vivo analysis of faecal samples with varying results. 
These have established that RS can be fermented by various species of both Bifidobacteria 
and Lactobacillus resulting in the production of short chain fatty acids (SCFAs) 
(Plongbunjong, Graidist, Knudsen, & Wichienchot, 2017; Rodríguez-Cabezas et al., 2010). 
Rodríguez-Cabezas et al. (2010) observed RS acting synergistically with 
fructooligosaccharides (another prebiotic) in the proliferation of Bifidobacterium and 
Lactobacillus. Interestingly, they also saw a decrease in food consumption and faecal pH 
indicating that there may be additional health benefits. 
Plongbunjong et al. (2017) compared RS2 and RS3 with native rice starch and various 
oligosaccharides and concluded that the proliferation rates of Bifidobacterium were higher 
with the oligosaccharides than that of either form of resistant starch, as measured via a 
prebiotic index calculation. In comparison, native rice starch produced a consistent negative 
prebiotic value indicating no prebiotic effect. On the other hand, production of butanoic acid 
was nearly double that of the oligosaccharides when RS3 was acting as the carbon source, 
despite apparently inducing slower fermentation rates. The production of butanoic acid 
through fermentation gives rise to a number of significant health benefits which are discussed 
in the following section of this chapter. Zhang, Wang, Zheng, Lu, and Zhuang (2013) 
confirmed this enhanced production of butanoic acid from RS3, using lotus seed starch in in 
direct comparisons with glucose and high amylose maize starch. They also observed that 
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optical density values were higher when RS3 was the carbon source and there was a reduced 
lag time of 8 hours, compared to that of 16 hours with glucose and high amylose maize 
starch. Zhang et al. (2013) also suggested that irregular, although smooth granular surfaces of 
RS, as observed by SEM, may enhance fermentation through additional adherence points. 
Zeng et al. (2018) proposed a similar hypothesis with highly adherent bacterial strains such as 
Bifidobacterium adolescentis adhering to lotus seed RS, enhancing proliferation. This was 
related to rough granular surfaces obtained partly due to internal granular reorganisation and 
crystal conversion from the C-type to the B-type during RS formation.   
The ability of RS to act as a carbon source for beneficial bacteria is well established although 
the extent appears to be dependent on the form of RS, the food system in question, as well as 
the microflora present, which can vary significantly from person to person. It is evident that 
additional research is required in this area because even if RS fermentation is optimised, 
sensory evaluation to gauge consumer acceptability of the resultant food products would also 
be required.   
 
3.3    Health benefits of RS 
It is now well established that the consumption of RS can provide a large range of health 
benefits to the host including disease prevention and treatment that is often synergistic and 
complementary (Sharma et al., 2008). This section of the chapter is devoted to some of the 
most significant health benefits. It is noted that not all benefits are covered here as it is a very 
active and developing research area.  
Consumers worldwide are becoming increasingly aware of the significance of gut health and 
the link with an improved lifestyle. As a result, consumer demand in Western society for a 
wider variety of foods having either prebiotic or probiotic potential has dramatically 
increased over the past 5 to 10 years. Recently, the link between the gut and the brain has also 
received a considerable amount of research and attention. This consumer demand has been 
synergistically driven through a combination of education, research and marketing that has 
enhanced consumer awareness. Until recently foods such as kefir and kombucha were once 
never heard of, but these are now becoming everyday foods as supermarket shelves are 
stocked with these and a variety of other health promoting products. The term “resistant 
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starch” is now more widely recognised in the broader community and may be given the label 
“super food” in the near future due to its broad range of health benefits.  
Although remaining a very active area of ongoing research, there is now strong evidence for a 
number of specific health benefits and these are summarised in Figure 3.1. Some of the key 
benefits are now reviewed and described in greater detail. 
 
Figure 3.1    Some of the primary health benefits of RS consumption 
 
3.3.1   RS and short chain fatty acids  
It is through the microbiological fermentation process that a range of short chain fatty acids 
(SCFAs) are produced in the lower digestive tract of humans. Their composition and 
proportions depend heavily on the bacterium in question as well as the form of RS, although 
in general, acetic, propionic, lactic and butanoic acids are produced (Zhang et al., 2013), with 
acetic acid often being in higher concentrations (Sharma et al., 2008). From a holistic point of 
view these acids facilitate pH maintenance of the colon which can inhibit the growth of 
pathogenic bacteria and promote the proliferation of beneficial and probiotic strains.  
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Table 3.3 demonstrates the diversity of SCFA production with varying substrates after 48 
hours of fermentation with Bifidobacterium (Zhang et al., 2013). The pH of the colon is 
naturally low, although it does increase from around 5.4 in the caecum to 6.2 in the transverse 
colon and finally to 6.9 in the descending colon which is largely attributed to SCFA 
absorption by the colonocytes (Sharma et al., 2008).  
 
Table 3.3    Concentrations of SCFA produced as a result of various carbon sources with 
Bifidobacterium (Zhang et al., 2013) 
Data expressed in units of mM 
 
 Lactic acid Acetic acid Propionic acid Butanoic acid 
Glucose 32.2 84.3 14.7 3.39 
RS3 (lotus seed) 14.3 68.6 12.0 20.0 
High amylose 
maize starch  
13.0 63.6 12.9 7.54 
 
 
Butanoic acid has received a considerable amount of attention as it possesses a number of 
physiological benefits (Homayouni et al., 2014). SCFAs and butanoic acid (Figure 3.2)  in 
particular are the preferred energy sources for the colonic epithelial cells (Fuentes-Zaragoza 
et al., 2010)  which improves the overall health of the colon by reducing systemic 
inflammation, stimulating blood flow and enhancing integrity of the intestinal epithelial 
barrier (Moraes, Borges, & Mafra, 2016). A number of studies have also established strong 
links to butanoic acid inhibiting the growth and proliferation of colon tumours by arresting 
the G1 phase of cell replication. RS is well known for producing large amounts of butanoic 
acid compared to alternative carbon substrates (Sharma et al., 2008). Colonic health is further 
improved through the ability of RS to hold water within the lumen (Moraes et al., 2016)  
preventing constipation, increasing defecation rates and reducing the accumulation of 
mutagenic compounds (Homayouni et al., 2014). 
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The ability of butanoic acid to provide anti-cancer properties has great significance in 
reducing the incidence of colon cancer in the broader community. After lung and liver cancer, 
colon cancer is the next leading cause of cancer-related deaths and, according to the World 
Health Organisation, has led to 774,000 deaths worldwide (WHO: Cancer Fact Sheet 2017). 
In 2017 colon cancer was responsible for over an estimated 130,000 new diagnoses and over 
50,000 deaths in America, comprising 8.4% of all cancer deaths. In Australia, colon cancer 
represents the second leading cause of cancer deaths (4,144) after lung cancer in 2017 and the 
second most diagnosed cancer (16,682) after breast cancer (National Bowel Cancer 
Screening Program, Monitoring Report 2017).  
 
3.3.2   Hypoglycaemic effects and weight management  
Foods that have larger proportions of RS will be digested at a much slower rate due to a 
combination of their physical or chemical properties when compared to a similar food that is 
largely made up of either readily digestible starch (RDS) or slowly digestible starch (SDS) 
(Wong & Louie, 2017). Therefore foods with higher contents of RS, including those enriched 
with added RS, have the potential to contribute fewer kiloJoules compared with their more 
digestible counterparts. The influence of this altered digestion can be determined in human 
and animal subjects through measurement of blood glucose levels for the glycaemic index, 
GI, (as described in 2.7.2), along with subsequent insulin responses (Zaman & Sarbini, 2016). 
Table 3.4 demonstrates the relationship between RS in various foods and its effect on the GI. 
Food products enriched with RS therefore have potential to become part of treatment 
programs for the management of both weight and diabetes type 2. A number of mammalian 
Figure 3.2   The molecular structure of butanoic acid  
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studies have confirmed these benefits although the mechanism is not completely understood, 
but appears to depend on how the RS itself is integrated into the food system.  
MacNeil et al. (2013) provided human subjects suffering from type 2 diabetes with bagels 
made from wheat flour supplemented with varying levels of RS2 flours. When the RS2 flour 
replaced a portion of the wheat flour, it lowered levels of both postprandial glucose and 
insulin. However, when the RS2 was added in addition to the wheat flour, the differences in 
glucose and insulin levels were not observed. This indicates that the GI-lowering effect of RS 
is only effective when RS replaces RDS as opposed to being added in conjunction to RDS. 
Luhovyy et al. (2014) came to similar conclusions in a study with high amylose maize starch 
which was incorporated into cookies.  
Behall and Hallfrisch (2002) exposed 25 human subjects to breads with varying amounts of 
amylose and measured both glycaemic and insulin responses. They found that breads 
containing at least 50% amylose produced significantly lower blood glucose levels and 
insulin responses in comparison to breads that had lower amylose contents. These 
observations were attributed to the presence and formation of RS from the packing and 
crystallising of the straight chained amylose during the bread-making process. 
There is also evidence to suggest that RS has an impact on the regulation of the gut hormones 
glucagon-like peptide-1 (GLP-1) and peptide YY (PYY). GLP-1, secreted by the L-cells of 
the intestine, thereby stimulating insulin production whilst also inhibiting the secretion of 
glucagon. Comparatively, PYY has been linked to insulin secretion (Wong & Louie, 2017) 
and also plays a major role in acting synergistically with leptin to promote satiety through the 
central nervous system (Maziarz et al., 2017). Zhou et al. (2008) saw increased levels of both 
PYY and GLP-1 in rats that were fed an RS2 diet and an improved glucose tolerance in rats 
that had induced diabetes. Hoffmann Sardá et al. (2016) conducted a similar study with 
humans and observed increased levels of PYY, and additionally, decreased levels of ghrelin. 
The GI lowering ability of RS is further demonstrated by the work of Srikaeo and Sangkhiaw 
(2014) who manufactured amylose-enriched rice noodles. The GI of the noodles was 
measured using both in vivo and in vitro methods, finding that as the GI decreased, both the 
amylose and RS contents increased. This enabled the authors to produce a rice noodle that 
could be classified as low GI (<55) from a product that is traditionally high GI. The improved 
nutritional functionality, however, was at the cost of a loss of texture and tensile strength 
within the noodle microstructure. Increased RS content in foods having a detrimental effect 
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on the sensory properties of the product is a common issue and presents itself as being one of 
the primary challenges in this research area. Despite this, however, there is a significant body 
of contradictory results in this field and additional work is justified to more clearly establish 
links. A more extensive discussion of this topic, has recently been published by Wong and 
Louie (2017).  
 
Table 3.4    RS concentrations and corresponding GI values of common foods 
(Birt et al., 2013) 
 
Food RS (g/100g) GI Glycaemic level 
Lentils 3.4 29 Low GI 
Wholemeal spaghetti  1.4 42 
Porridge oats  0.2 49 
Muesli 3.3 66 Medium GI 
White bread  1.2 69 
White rice 1.2 72 
Broad beans 1.2 79 High GI 
Cornflakes  3.2 80 
White potatoes  1.3 80  
 
In addition to glycaemic regulation, RS has been linked to a reduction in fat accumulation 
through lipid oxidation (Fuentes-Zaragoza et al., 2010). It is suggested that RS may increase 
the mobilisation of fat stores as a direct function of decreased insulin production (Tapsell, 
2004). Gentile et al. (2015) conducted a rather extensive clinical study in which obese and 
lean women were fed a diet enriched with protein and RS. It was found that although the 
combination did not alter post-prandial energy expenditure, the meals did increase fat 
oxidation, feelings of fullness and PYY levels showing promise in this area of research into 
the benefits of consuming RS. 
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3.3.3   RS and mineral absorption  
Clearly, RS offers a wide range of health benefits to the consumer as a result of bowel 
fermentation and RS acting as a prebiotic. Studies have shown that diets high in RS have 
links with enhanced absorption of minerals due to SCFA production which in turn increases 
mineral solubility. Various studies have demonstrated enhanced absorption of magnesium, 
zinc, copper and iron in rodents whereas only calcium absorption appeared to be facilitated in 
humans (Raigond, Ezekiel, & Raigond, 2015).  
 
3.3.4    RS and chronic kidney disease  
Research has shown that consumption of prebiotics has a strong link with both the prevention 
and treatment of chronic kidney disease (Moraes et al., 2016). Younes et al. (2006 ) assessed 
the function of fermentable carbohydrate supplementation on both urea and nitrogen 
excretion pathways. The supplementation shifted nitrogen excretion from the urinary route to 
the digestive pathway as indicated by increased nitrogen concentrations in stool samples. In 
parallel, blood plasma urea levels were found to decrease thereby relieving processing stress 
on the renal system. Vaziri et al. (2014) conducted a more RS-focussed study by exposing 
rats with chronic kidney disease to a high amylose diet which slowed the progression of the 
disease by reducing inflammation and stimulating antioxidant production.  
The exact mechanism by which dietary fibre consumption improves the treatment of patients 
with renal diseases is not well understood, but is probably a function of a number of different 
factors. Proliferation of SCFA-producing bacteria by prebiotic supplementation may reduce 
counts of urease-processing bacteria, therefore reducing concentrations of nitrogen 
compounds including ammonia (NH3) and ammonium hydroxide (NH4OH). A lowered 
intestinal pH due to SCFA generation is also known to decrease the production of 
inflammatory and oxidant uremic toxins produced by other colonic bacteria (Moraes et al., 
2016). 
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3.3.5    Effects of RS on lowering cholesterol 
 
In addition to the health benefits already mentioned, RS has been shown to be effective in 
lowering cholesterol levels (Homayouni et al, 2014). The role, and significance, of 
cholesterol has been a source of considerable confusion to researchers and particularly the 
wider community. On the one hand it is an essential compound in the body, being involved in 
the synthesis of various hormones and vitamin D. However, when present at excess levels 
cholesterol can form aggregates in artery walls leading to a condition known as 
atherosclerosis, which leads to more serious cardiovascular disease (Whitney et al, 2011). 
Nichenametla et al. (2014) investigated, in a double blind, placebo controlled study, the 
effects of a diet enriched with RS4 on sufferers of metabolic syndrome. They observed highly 
significant (p<0.001) decreases in both total cholesterol and HDL levels whilst also seeing 
small increases in non-fat mass, indicating that RS4 could be beneficial when incorporated 
into treatment diets for those suffering from cardio-metabolic illnesses.  
 
3.3.6    Overview of the benefits of RS in the diet 
 
Evidently, there are a wide range of health benefits associated with the consumption of RS, 
not all of which are discussed here. This is currently a very active research field where links 
and relationships are being explored and these have reviewed in greater detail by Sharma et 
al. (2008) and Ashwar, Gani, Shah, Wani, and Masoodi (2016). One particular area of interest 
is in the links between specific forms of RS and individual health benefits. The value of RS in 
the diet should become clearer for both food manufacturers and consumers during the next 5 
– 10 years.  
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3.4   Overall summary of knowledge  
RS occurs in a range of forms and is already present in a variety of foods currently available 
in the marketplace. However it typically only occurs naturally in foods in relatively small 
amounts. Research is still in the early stages of developing a comprehensive understanding of 
the nutritional and health benefits associated with RS consumption. However, it is already 
evident that it is advantageous to consume RS particularly with links established to weight 
control, glucose regulation and the reduced incidence of certain types of cancer. Additionally, 
work comparing RS as a prebiotic to other molecules with similar properties and already 
present in foods in the marketplace indicates that RS may have advantages. 
As a result, there has been increasing interest in research investigating how the food industry 
can increase RS content in food. Although there is limited information, correlations have 
been found linking thermal, and enzymatic treatments of starch with increase in RS content. 
These topics are now reviewed in the following chapter. 
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Chapter 4 
Background and literature review 
Resistant starch formation during food processing and 
quantification procedures  
 
 
The purpose of this chapter is to review the literature that surrounds how RS can be increased 
in various food systems and, in particular, the fortification of breads with RS is detailed. The 
various methods of RS measurement and determination are also presented and discussed in 
chronological order as methods have developed over time. 
 
4.1   Increasing resistant starch concentrations in food 
 
Various potential approaches have been identified in order to increase RS concentrations and 
these largely revolve around thermal, acidic or enzymatic treatments with some authors 
trialling holistic methods. This section reviews procedures currently identified as well as 
possible alternative treatments that might increase RS levels in foods.  
 
4.1.1   Thermal treatments 
 
It appears likely that varying thermal treatments and their cyclic application can lead to an 
increase in RS concentrations by an initial gelatinisation stage involving heating followed by 
retrogradation during a subsequent cooling phase. During the latter, amylose molecules 
reassociate, via hydrogen bonding, and crystallise into the RS3 form (BeMiller & Whistler, 
2007).   
For instance, Zhao and Lin (2009) exposed maize starch with 27% amylose to an autoclaving 
cycle of 121°C for 20 minutes followed by storage at 4oC for 24 hours. This cycle was 
repeated from one to six times and followed by drying and milling prior to analysis. A 
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positive correlation was found between the quantity of RS and the number of cooling cycles 
with one cycle giving a level of 4.1%  whilst six cycles yielded as much as 11.2% RS.  
Hang Liu et al. (2016) annealed buckwheat and sorghum starches and saw increases in RS 
and concurrently decreases in RDS. For buckwheat the increase was from 3.27% RS to 
4.75% and for sorghum from 3.45 to 4.23%. The authors attributed these increases to a range 
of factors including formation of crystalline structure, granule size as well as amylose 
complexation with lipids (RS5).  
The ability of annealing treatments to increase RS content has also been observed in a more 
recent study by Simsek, Ovando-Martínez, Whitney, and Bello-Pérez (2012). These authors 
exposed two cultivars of bean, black and pinto, to a comparatively more mild treatment of 
50oC for 24 hours. Despite this, however, both types of beans showed a significant increase in 
RS, the black bean increased from 36 to 43% and pinto from 41 to 58%. 
Since the formation of RS3 by thermal-only treatments requires the presence of the amylose 
fraction, this method is reported to be very dependent upon the amylose to amylopectin ratio 
(BeMiller & Whistler, 2007; Simsek et al., 2012). Therefore waxy starches will have a 
limited ability to produce RS3 due to the lack of amylose, however, enzymatic treatments 
have been shown to facilitate the formation of RS3 and this is the focus of the subsequent 
section.  
 
4.1.2   Enzymatic treatments 
 
The application of enzymes has potential to increase RS contents and this method relies upon 
exposing starch to de-branching enzymes. Examples of these include pullulanase and 
isoamylase and these are capable of hydrolysing the α(1→6) bonds found particularly in 
amylopectin, but also in amylose, to a smaller extent. The result is a higher proportion of 
linear starch chains that are therefore more susceptible to retrogradation and which may form 
into RS3 (Zhao & Lin, 2009). The enzyme, pullulanase, has been the focus of recent 
research; (Leong, Karim, & Norziah, 2007; Ozturk, Koksel, Kahraman, & Ng, 2009; Shi, 
Chen, Yu, & Gao, 2013; Zhao & Lin, 2009).  
As these are enzymatic processes, each particular enzyme will have optimal conditions and 
these include pH, reaction time, temperature, as well as the concentrations of both the 
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enzyme and the substrate. Therefore, the total yield of RS can be dependent on the specific 
conditions used (Dupuis, Liu, & Yada, 2014). Zhang and Jin (2011) experimented with these 
variables for pullulanase and maize starch, finding that the optimum pH was 5.0, temperature 
was 46oC, concentration of enzyme was 12 enzyme U/g and that after 24 hours no additional 
hydrolysis occurred.  
Shi et al. (2013) studied the effects of varying pullulanase concentration on the digestion of 
gelatinised waxy maize starch. They found that as the concentration of pullulanase increased, 
so did the content of resistant starch producing a strong positive relationship. The native 
starch contained 1.2% RS whilst that treated with pullulanase at a concentration of 20 
enzyme U/g had 27.7% RS. In addition, the apparent amylose content also increased to 
between 20 and 25% with enzyme treatment, as expected since the native sample contained 
approximately 100% amylopectin. Post-retrogradation at 40oC Shi et al. (2013) also found a 
crystalline shift from the A type to a mixture of both the B and V type. The presence of the V 
type indicates amylose complexing with the lipid present, hindering the formation of RS3 via 
the formation of RS5 (Dupuis et al., 2014).  
Additional studies have also found similar increases of RS due to pullulanase treatment 
including that by Reddy, Haripriya, Mohamed & Suriya (2014). They exposed yam starch to 
pullulanase and subsequent retrogradation at 60oC, finding a significant increase from 17.9 to 
36.3%, leading to the conclusion that the temperature during retrogradation plays a crucial 
role in the formation of RS3.  
In an interesting article by Zhao and Lin (2009) maize starch was exposed to a number of 
heating and cooling cycles prior to treatment with debranching pullulanase. They found that 
the highest yield of RS3 was achieved with one heating-cooling cycle followed by enzyme 
exposure for 10 hours, reaching an RS concentration of 34% from the original level which 
was 8%. They also noted that prolonged exposure to the enzyme (12 hours) actually leads to 
a slight decrease in RS concentration to 32%.  
An alternative to relying on the effect of debranching enzymes is the utilisation of other 
enzymes that selectively cleave the α(1→4) bonds found in every other linkage in starch 
apart from that of the branch points (Dupuis et al., 2014). Such enzymes include α-amylase 
and β-amylase. These enzymes work synergistically whereby α-amylase cleaves off units of 
maltose allowing β-amylase to specifically work on the subsequent reducing ends resulting in 
glucose production (Ross, 2012).  
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Together, these enzymes can cause near complete hydrolysis of the amylose portion and the 
shorter branch chains of the amylopectin fraction. The action will therefore hydrolyse the 
majority of the amorphous domains leaving behind a strong crystalline region that is resistant 
to digestion (Dupuis et al., 2014). 
Therefore, it would appear that attempting to increase the proportion of amylose as opposed 
to decreasing the amount of amylose is a more effective may of increasing the yield of RS 
and this is why typically, the debranching enzymes are used preferentially (Dupuis et al., 
2014).  
 
4.1.3   Acidic treatments   
 
The effect of low pH on starch crystallinity appears to relate to the ability of acid to cause 
hydrolysis of glycosidic linkages. Hence, exposing starch to a low pH environment involves 
the acid removing the amorphous portion of the granule thereby leaving a higher proportion 
of the resistant crystalline layers (Dupuis et al., 2014).  
A brief review of the current literature on acidic treatments reveals some interesting 
observations in terms of starch morphology and crystallinity, however no major increases in 
RS content have been observed. 
Miao, Jiang, Zhang, Jin, and Mu (2011) studied the effects of mild hydrolysis on waxy maize 
starch with 2.2M HCl at 35oC for varying periods of time. Initially, the granules ranged in 
size between 5 and 15µm in diameter and some pores were present on the surface that would 
provide access to the core of the granule. With respect to this porosity, a number of 
researchers have hypothesised that it increases the diffusion of the hydronium ion (H3O+) to 
the interior, therefore accelerating the break-down of the amorphous portion (Hoover & 
Manuel, 1996; Nagahata, Kobayashi, Goto, Nakaura, & Inouchi, 2013). During the acid 
hydrolysis, the granules became wrinkled, craters formed and the pores were no longer 
present and subsequently the residual granules began to aggregate. 
During acid treatment, Miao et al. (2011) found that initially the RS concentration dropped 
before subsequently increasing over time. A positive relationship between RS content and 
relative crystallinity was also noticed, in that as the RS content increased, so did the relative 
crystallinity. This coincides with an increased resistance to enzymatic digestion. Despite the 
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increase, it was minimal, reaching a maximum of 12.9% RS, still being less than the native at 
18.4%.  
In contrast, a similar study by Nagahata et al. (2013) found opposing results with corn starch 
samples. The hydrolysis resulted in an increase in RS content for all samples, without the 
initial drop in RS reported by Miao et al. (2011). In addition, after hydrolysis the high 
amylose corn starch produced the B-type XRD pattern whilst both the normal corn starch and 
the waxy corn starch produced the native A-type pattern. Of the starch crystal forms that are 
possible, the B-type is known to be more resistant to hydrolysis due to the high stability of 
the crystals. 
Different aspects of their methodologies may account for the differences between these two 
studies where Nagahata et al. (2013) applied incubation conditions of 50oC for 24 hours 
whilst Miao et al (2011) used 35oC for periods of days. In addition, Miao et al. (2011) only 
studied the effects on waxy starch, which in their case decreased and increased by negligible 
amounts according to Nagahata et al. (2013) .  
A recent report by Huan Liu et al. (2014) coupled the effects of both acid and heat on the 
formation of RS. Maize starch was subject to varying citric acid concentrations in 
conjunction with a thermal treatment. They found that with acid treatment alone, the RS 
content decreased, supporting the results of Miao et al. (2011). When combined with thermal 
treatments, the RS content increased with increasing citric acid concentration, although it was 
lower than that of the native starch. 
Consistent with the results of Nagahata et al. (2013), Huan Liu et al. (2014) found a 
crystalline shift based upon XRD characterisation. The native corn starches were found to 
have the expected A-type structure and post acid hydrolysis the B-type crystallite was 
formed. In addition, SEM showed the native starch granules having smooth irregular surfaces 
with the presence of pores. However, when subject to acid hydrolysis the structures were 
severely disrupted and the number and size of pores increased, confirming the earlier results 
of Miao et al. (2011). At this point there have been no reports on the relative effects of 
different organic acids and so it would be worthwhile to observe the effect various acids on 
the formation or depletion of RS. 
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4.1.4   Non-thermal processing methods  
 
High hydrostatic pressure (HHP) processing is an emerging, non-thermal technology in the 
food industry that has been used primarily to increase the shelf-life of food products with 
limited effects on their respective nutritional composition. With regard to starch, a number of 
studies have shown HHP processing to induce either partial or complete gelatinisation, which 
has been confirmed using a variety of techniques including SEM, XRD and DSC (Fernández-
Martín, Fernández-García, Tabilo-Munizaga, & Barbosa-Cánovas, 2008; M. Liu et al., 2018; 
Shen et al., 2018).  
Linsberger-Martin, Lukasch, and Berghofer (2012) suggested that post-gelatinisation due to 
HHP, retrogradation occurs immediately, resulting in higher RS contents. Linsberger-Martin 
et al. (2012) experimented with a range of pressures, times and temperatures for wheat, 
quinoa and amaranth starch. They concluded that a pressure of at least 100MPa was required 
for initial gelatinisation above which a strong positive correlation was found between 
pressure and RS content. Both quinoa and wheat increased in RS significantly (0.18 to 3.3 
and 0.39 to 4.0%, respectively) and in the case of wheat this was also reported by Bauer, 
Wiehle, and Knorr (2005). In addition, however, it was hypothesised by Linsberger-Martin et 
al. (2012) that there was another positive relationship between amylose content and RS 
content. Wheat had the highest amylose content and the highest RS concentration, whilst 
amaranth starch had the lowest amylose content and in fact a lower RS content in the 
pressurised starch than the native starch. Temperature had no significant effect on either 
wheat or amaranth, although, it was seen to have a significant effect with quinoa starch.  
Interestingly, a study by Deng et al. (2014) found a strong negative relationship between 
HHP and RS content in rice. One difference is that Deng et al. (2014) exposed the starch to 
continuous HHP treatments, where they attributed this to complete breakdown of the starch 
molecules hence decreasing RS content. In contrast the amylose content of the rice used was 
56.8%, which according to Linsberger-Martin et al. (2012) should encourage RS formation. 
The amylose content of the wheat starch that Linsberger-Martin et al. (2012) used was only 
22%.  
 
 
Chapter 4 
46 
Pu, Chen, Li, and Li (2013) exposed high amylose corn starch to HHP at varying 
temperatures and they reported a decrease in RS at temperatures above 120oC. They 
suggested that above this temperature the starch molecules may have been significantly 
degraded and that RS5 would have been broken down.  
It is clear that HHP has potential to increase RS content in foods, however, the exact 
relationships between RS and processing factors such as temperature, time, amylose content 
and pressurisation cycles remain unclear and additional research is required. 
Pulsed electric field (PEF) processing, like HHP processing, is an emerging non-thermal 
processing technique in the food industry that has now been the subject of a considerable 
amount of research. In addition, like HHP, PEF has shown considerable promise in the 
extension of shelf-lives of various foods particularly juices and dairy products with minimal 
nutritional damage (Gabrić et al., 2018).  
Again, like HHP, PEF has the ability to induce starch gelatinisation So when Han, Zeng, Yu, 
Zhang, and Chen (2009) exposed potato starch to PEF processing they found that  
at 40kV-cm-1 significant crystallinity was lost (based upon XRD analysis) and the granular 
surface was severely damaged, indicating gelatinisation. Han, Zeng, Zhang, and Yu (2009) 
found similar results on the effect of PEF on corn starch with gelatinisation occurring at 
50kV-cm-1.  
It is evident that, under laboratory conditions, PEF can induce gelatinisation in starch, 
however, there is no current literature directly evaluates the RS content of a PEF processed 
product and therefore this warrants additional research, particularly to investigate whether or 
not a relationship exists with the amylose content. 
 
4.1.5   Summary of approaches for increasing RS concentrations 
 
With reference to Figure 4.1, a broad range of methods have been attempted to increase RS 
concentrations in various starch sources. All of these methods have had some level of 
success, with the extent varying, depending upon the source of starch and the particular food 
system in which it is applied. Whilst most of the research already conducted employs some 
form of hydrothermal treatment, additional research is needed to fill an evident gap around 
annealing in conjunction with alternative non-thermal processes and their potential.  
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Figure 4.1   Summary of the already reported and some future potential methods for 
enhancing RS concentrations in foods 
 
 
4.2   Resistant starch and bread 
 
The fortification and analysis of resistant starch in breads is currently limited in the scientific 
literature, although the reports indicate that the RS content of bread is naturally quite low 
(<2%) and efforts to increase this have proven to be challenging. The purpose of this section 
of the chapter is to evaluate the studies that have been done to increase RS yields in bread 
with their respective hypotheses along with other relevant factors including overall nutritional 
value, sensory aspects and crystalline properties. 
 
4.2.1   Supplementation with resistant starches 
 
Ozturk, Koksel, and Ng (2009) produced breads that were formulated with either RS2 (Hylon 
VII) or two other varieties of RS3 (Novelose330 or CrystaLean) and studied the resultant 
effects on product properties. Whilst all breads possessed a higher degree of water 
absorption, it was the RS3 supplemented breads that produced the highest and this 
corresponded with a decrease in dough development times. Native starch granules can hold 
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Thermal 
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PEF HHP
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approximately 30% of their weight in water, though after heating the granular integrity is 
disrupted and the water holding capacity increases, as is the case with RS3. However, crumb 
colours were not significantly affected by starch supplementation and cell structures were 
different from those of the control loaves.  
Sciarini et al. (2017) formulated gluten-free bread with a range of different dietary fibres 
including RS4 (5 and 10%). The RS formulated bread provided the highest nutritional value 
having the lowest glycaemic index compared to both inulin and oat fibre. However, loaf 
volume did decrease with increasing RS concentration and was also related to an increase in 
dough firmness which may limit dough expansion during the fermentation and proving steps. 
The concept of a bread loaf that is both gluten-free and also high in RS has obvious potential 
in the marketplace and warrants further investigation. Reductions in loaf volume were also 
reported by Šárka et al. (2017).  
Arp, Correa, Zuleta, and Ferrero (2017) formulated bread with phosphorylated and cross 
linked wheat starch (RS4) at 10 to 30% and conducted a thorough study of the 
physicochemical aspects. All RS4 supplemented doughs demonstrated lower storage (G′) and 
loss (G′′) moduli where tan δ also depleted, indicating that the fortification had more of an 
effect on G′ than G′′. It was concluded that RS4 fortification had a dilution effect on the 
gluten concentration, resulting in weaker dough, where the protein concentration decreased 
from 14.3% (control) to 9.8% (30% fortification). However, there was not a linear 
relationship between RS4 concentration and the decrease in tan δ, in fact, doughs fortified at 
20 and 30% had similar properties to the control dough. Arp et al. (2017) suggested that at 
10% RS4 the Na+ and Cl- ions acted by having a shielding affect, preventing cross linking 
and hindering gluten formation. However, at higher RS4 concentrations, negative charges 
from the phosphorylated starch could interact ionically with positive sections of gluten 
strands, overcoming the action of NaCl in enhancing interaction. This hypothesis was 
supported with electron micrographs showing highly RS4 concentrated doughs with close 
associations whilst the 10% fortified dough presented with open, widespread structures.  
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4.2.2   Supplementation with fruit 
 
A number of other researchers have incorporated various fruits into bread formulations, and 
observing various health benefits including an increase in RS content. Reshmi, Sudha, and 
Shashirekha (2017) fortified both white and brown bread with various forms and 
concentrations of pomelo fruit (Citrus maxima). There were increases in RS concentration for 
all breads, with the highest levels being 11.0% in brown bread supplemented with 5% dried 
pomelo. This was well supported with additional analysis including hydrolysis rates and 
predicted GI. These authors suggested that additional protein bodies present in the 
formulation limit starch granule gelatinisation which therefore also restricts enzymatic 
degradation. The dry pomelo also contributed bioactive compounds including phenolics, 
flavonoids, naringin and carotenoids, further adding to the value of the bread to health and 
wellness.  
Borczak et al. (2016) conducted a similar study with a number of different wild fruits where 
similarly to Reshmi et al. (2017), all breads fortified with the fruits possessed higher RS 
concentrations and in this case lower amounts of rapidly digestible starch as well. 
Fortification with freeze dried elderberry at 5% produced the highest amount of RS being 
5.1% compared to the control at 0.8% RS. The nutritional value of the elderberry loaf was 
also the highest, possessing larger amounts of dietary fibre, polyphenols and overall 
antioxidant capacity. In relation to the increased RS concentration, Borczak et al. (2016) 
suggested a number of reasons for this:  
• Naturally occurring soluble dietary fibre in the fruits slowing starch digestion;  
• Insoluble fibre forming a physical barrier to degradative enzymes; and  
• Organic acids in the fruits lowering the pH of the bread thereby reducing the activity of 
amylolytic enzymes.    
In summary, there have been very few reports in the scientific literature regarding the effects 
of incorporating fruit into bread formulations. That which is available appears to show that 
adding fruit to bread formulations does increase RS concentrations, along with a number of 
other health benefits thereby increasing the nutritional value of the bread. However, more 
research could extend this by extending work around both the type and form of the fruit to be 
utilised.  
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4.2.3   The influence of breadmaking parameters  
Breadmaking, as described previously, is a complex process with a variety of different 
methods in use around the world. In addition, there are a number of process variables that 
may have an effect on the RS concentrations of breads.  
Buddrick, Jones, Hughes, Kong, and Small (2015) conducted a fairly comprehensive study 
analysing the effects of palm oil and different fermentation variables on RS formation during 
breadmaking. The addition of palm oil (8%) had a negative effect on RS formation and it was 
confirmed that lipids limit water absorption into the starch granules, preventing swelling 
during gelatinisation and hence subsequent retrogradation and RS formation post-baking.  
The hypothesis proposed by Buddrick et al. (2015) suggesting that limited gelatinisation 
prevents RS formation differs from that of Reshmi et al. (2017) who proposed a similar 
explanation for increases in the level of RS. Although different ingredients were discussed as 
the cause, the mode of action was similar. These reports could therefore open up a research 
area where different food components are analysed for their ability to limit starch granule 
gelatinisation and whether or not the formation of RS3 is superior to maintaining RS1 or vice 
versa.  
Sourdough fermentation on the other hand had been able to increase RS concentrations in the 
rye bread and was attributed to a substantial pH drop due to lactic fermentation. It was 
suggested that a drop in pH limits starch gelatinisation (Buddrick et al., 2015).  
Yadav (2011) experimented with baking times and temperatures concluding that a 
combination of low temperature over an extended time was most efficient at enhancing RS 
formation. Bread baked at 120oC for 20 hours produced a bread having 4.2% whilst 200oC 
for 35 minutes gave only 2.64% RS.  
 
4.2.4   Storage of bread 
 
As soon as bread is removed from the oven the product begins to cool and starch 
retrogradation initiates contributing to the staling effect (Ross, 2012). It is well known that 
amylose crystallises first, followed by amylopectin (Aguirre, Osella, Carrara, Sánchez, & 
Buera, 2011; Yadav, 2011).  
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Baker’s flour, used to produce bread, possesses the typical A-type XRD pattern that would be 
expected for cereals though during storage and recrystallisation the B-type XRD pattern 
appears to form (Aguirre et al., 2011). The B-type XRD pattern is usually found in tubers 
such as potato and has a lower degree of moisture within the unit cell (Copeland, Blazek, 
Salman, & Tang, 2009).  
Overall crystallinity and RS content appear to be linked with bread storage, however there is 
contradicting research present. Yadav (2011) saw increases in RS as bread was stored, though 
crystallinity wasn’t measured. On the other hand, Berry (1986) and Siljestfrom et al. (1988) 
found that baking and subsequent storage of bread had no effect on RS concentrations. 
Additionally, Ribotta, Cuffini, León, and Añón (2004) only found increases in crystallinity 
(as measured by XRD) in the first 24 hours of storage. The variation in these earlier reports 
may be due to variations in both bread formulations, particularly lipid inclusion, as well as 
methods of RS determination.  
Evidently, the fortification of resistant starches in bread formulations can have significant 
effects on the overall appeal and acceptability. Bread is a relatively complex food system, 
where small changes in formulations can have significant effects on the end product, further 
justifying additional research in this area.  
  
 
4.3   Determination of resistant starch content 
 
A number of in vivo methods currently exist to measure resistant starch (RS) in foods and the 
most accurate involves taking partially digested food samples from the terminus of the ileum. 
Digestive samples are taken from healthy ileostomy patients where the glucose content is 
subsequently determined. RS can also be measured in rats with a total starch assay although 
this may lead to lower estimations due to bowel fermentations (Dupuis et al., 2014).  
A wider selection of in vitro methods of RS determination is available to the researcher and is 
in most cases, more functional and practical in comparison to the previously described in vivo 
options. However, in evaluating the usefulness of these, it has been suggested that the 
objective is to produce values that are not significantly different to those of the ileostomy 
model (McCleary, 2014).  
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H. Englyst, Wiggins, and Cummings (1982) experimented with the analysis and 
quantification of starches and non-starch polysaccharides which ultimately led to the 
discovery of RS. Their method for the measurement of RS, referred to as “modified 
procedure B, B*” has an initial boiling step (H. Englyst et al., 1982). This stage of the 
analysis is designed to gelatinise the starch granules, allowing effective access for the 
hydrolytic enzymes. A 16 hour incubation is then carried out at 40°C with a combination of 
pancreatic α-amylase and pullulanase hydrolysing the starch. After removal of the hydrolysed 
material, the residual starch (RS) is then dissolved and this is achieved using a solution of 
potassium hydroxide (KOH). Amyloglucosidase (AMG) was then employed to hydrolyse the 
resultant starch fraction, followed by quantification using gas-liquid chromatography (H. 
Englyst et al., 1982). It was later reported that this method in fact only measured the content 
of RS3, not total resistant starch: the preliminary boiling step in the protocol removes the 
potential contribution of both RS1 and RS2 to total RS (Perera, Meda, & Tyler, 2010).  
Building on the original work by H. Englyst et al. (1982), Berry (1986) changed the method 
to remove the initial gelatinisation phase and also introduced the use of a glucose oxidase 
assay kit to quantitate the free glucose derived from hydrolysis of the RS. Omitting the initial 
gelatinisation step typically resulted in dramatically higher RS concentrations and the results 
were confirmed with a number of in vitro ileostomy studies (H. N. Englyst & Cummings, 
1986, 1987; N. H. Englyst & Cummings, 1985).  
It was in the early 1990’s that both the processing and nutritional potential of RS became well 
established and recognised within the literature and scientific community. As such, a number 
of different methods for RS determination were developed during this decade. H. N. Englyst, 
Kingman, and Cummings (1992) developed a method that actually segregates and quantifies 
RDS, SDS and RS and this approach remains in common use in the literature (Kim, Choi, 
Park, & Moon, 2017; W. Liu et al., 2017). Additives including guar gum and hydrochloric 
acid (HCl) contribute viscosity and a low pH environment whilst glass beads are utilised to 
impart a movement similar to that of peristalsis in an effort to replicate conditions within the 
human digestive system. In this procedure, digestion is achieved using a combination of 
enzymes including AMG, pullulanase, invertase, pancreatin, α-amylase and heat stable α-
amylase. Aliquots of the digestion are taken at both 20 and 120 minutes allowing for RDS 
and SDS to be quantified using glucose oxidase. The undigested portion of starch that 
remains after 240 minutes of incubation is defined to be RS (Kim et al., 2017).  
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The respective concentrations of starch are determined using the equations developed by H. 
N. Englyst et al. (1992). 
 
RDS (%) = (G20 – FG) × 0.9/TS 
SDS (%) = (G120 – G20) × 0.9/TS 
RS (%) = (TS – (RDS + SDS)/TS)  
Where:  
G20 = The amount of glucose released after 20 minutes of digestion  
G120 = The amount of glucose released after 120 minutes of digestion 
FG = Free glucose  
TS = Total starch  
Drawbacks of this method, however, include that it can be very time consuming and it can be 
a challenge to gain acceptable repeatability without extensive technical training and 
validation (McCleary, 2014) .  
Champ (1992) completed a comparative study based on the work done by both Berry (1986) 
and Björck et al. (1986). In contrast to both Berry (1986) and H. Englyst et al. (1982), Champ 
(1992) increased the sample size, changed the pH of incubation from 5.2 to 6.9 and only 
utilised α-amylase for digestion. In addition, the method of Björck et al. (1986) employed an 
initial gelatinisation step similar to that of H. Englyst et al. (1982) and Champ (1992) found 
that this resulted in significantly smaller RS concentrations, supporting the work of Berry 
(1986).  
The method developed by Muir and O'Dea (1992) was a more direct measurement that 
utilised AMG) to complement the action of pancreatic α-amylase and also employed pepsin 
for protein digestion. RS dissolution was achieved with dimethyl sulfoxide (DMSO) as an 
alternative to KOH used by other authors.  
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Goñi, García-Diz, Mañas, and Saura-Calixto (1996) worked largely around the method 
developed by Berry (1986). They developed a direct method that involves removal of protein 
and digestible starch before solubilisation and hydrolysis of resistant starch with subsequent 
quantification. The main modification was the addition of the protein digestion step in an 
effort to prevent protein-starch interactions enhancing accessibility of α-amylase. In addition, 
the method also simulates that of the human digestive system where significant differences 
were found when comparing pepsin-treated and non-pepsin treated starches. The paper itself 
is very descriptive and the method is still used in reports seen in the literature today.  
In 2002 McCleary and Monaghan (2002) compared a number of these proposed methods 
developed during the 1990’s with the goal of developing a method that maintained what were 
necessary and discarded non-essential steps and reagents. They investigated a range of 
different parameters including, though not limited to the:  
• concentration of the AMG utilised; 
• concentration of pancreatic amylase utilised;  
• contribution of protease digestion; and  
• incubation conditions including movement, pH, temperature and time.  
The result was the development and commercialisation of the Megazyme Resistant Starch 
Assay Procedure (AOAC Method 2002.02/AACC 32-40.01). In this method, 100mg 
subsamples are weighed and exposed to both pancreatic α-amylase and AMG for a total of 
exactly 16 hours at 37°C. The aim of this initial incubation is to hydrolyse the non-resistant 
starch into D-glucose. The reaction is terminated with the addition of ethanol where several 
repetitions of washing, centrifuging and decanting are performed. At this point in the 
procedure aliquots of the hydrolysed glucose can be taken in order to calculate total starch at 
the end of the method. After ethanol washing, a pellet is obtained that contains the RS and 
which is subsequently dissolved in KOH with vigorous stirring in an iced water bath. The 
solution is now neutralised with an acetate buffer before being incubated with AMG 
hydrolysing the remaining starch into D-glucose. Glucose determination is done via the use 
of the glucose oxidase-peroxidase (GOPOD) reagent.  
In terms of RS measurement in breads, authors tend to either use the segregation method of  
H. N. Englyst et al. (1992) (Borczak et al., 2016; Štěrbová et al., 2016) or that of McCleary 
and Monaghan (2002) (Buddrick et al., 2015; Schönhofen, Zhang, & Dubcovsky, 2017). It is 
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also noted that there have been two reviews published providing additional information on 
the development of procedures for the measurement of RS, see Dupuis et al. (2014) and 
Perera et al. (2010).  
 
4.4    Overall summary of knowledge  
 
Evidently when it comes to increasing RS in food systems and the measurement of RS, there 
is a great deal of variation. Studies that have investigated thermal, acidic or enzymatic 
treatments of starches have shown promising effects on increasing RS concentrations with 
some researchers combining the above variables in a holistic approach showing greater 
promise. Although some research has been done as to how RS can be increased in bread, a 
global staple food, this is an area that requires further research. A number of studies have 
achieved high concentrations of RS in various breads, relative to regular baker’s flour; 
however this is often at the cost of diminished gluten formation and hence overall product 
quality. The measurement of RS has come a long way since the early 1980’s; today, a number 
of different methods (usually enzymatic) are available to the researcher each with advantages 
and disadvantages around time, training and financial investment.  
Overall, how the product developer chooses to increase and measure RS in product largely 
depends on the food system in question, along with the variety of starch and what effects this 
may have, if any, on the sensory properties.  
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Chapter 5 
 
Summary of background and description of the project aims 
 
 
 
The purpose of this chapter is to summarise the key points from the previous chapters in 
which the literature on starch and RS has been reviewed. This provides the context in 
which the current project has been developed and from which the aims of the research 
are presented. 
 
5.1 Summary of current situation and significance of the project 
 
Starch has long been recognised as an energy store in plant tissues and a major 
component of many food ingredients and products. Starch naturally forms as granules 
which typically show crystalline properties and also demonstrate an ability to retain 
their integrity in many conditions and during some of the processes used in food 
manufacture. It is also known that intact starch granules are not readily digested 
enzymatically.  
 
As research into food composition in relation to human digestion has developed, a 
clearer picture has emerged on the various aspects of dietary fibre. The significance of 
dietary fibre to human health is now well established, but more recent evidence 
demonstrates that some dietary starch can escape digestion by the enzymes produced by 
the human digestive system. This is now known as RS and although typically a small 
proportion of the starch consumed, it functions as a prebiotic and the resultant health 
benefits are significant. 
 
Various studies using starches other than that from wheat have indicated that there is 
potential to manipulate conditions during food processing so that the formation of RS is 
enhanced and higher concentrations are obtained in the food products. What appears to 
be lacking in the current literature are explanations of how RS concentrations increase 
and what changes are happening at the molecular level, if any. In addition, whilst a large 
proportion of RS research relates to corn and rice starch, few studies have investigated 
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RS formation from wheat starch, which is a major contributor to the food industry both 
in Australia and also globally. 
 
 
5.2 Hypothesis 
 
This project has been based upon the hypothesis that through an investigation of how 
RS forms from starch sourced from wheat, hydrothermal treatments can be developed, 
optimised and applied to food systems so that RS forms, thereby enhancing the overall 
nutritional value. 
 
 
5.3 Project aims 
 
The overall aims of this project have been to: 
 
1. Determine what internal and external granular features effect RS formation and 
establish any strong relationships that might be exploited;  
 
2. Evaluate how RS concentrations are affected by storage conditions in bread, as a 
wheat-based product popular globally;  
 
3. Investigate and optimize the effect of hydrothermal treatments on RS formation in 
wheat starch; and   
 
4. Establish whether any internal granular changes are occurring as a result of the 
hydrothermal treatments.  
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Chapter 6  
Materials and methods  
 
 
This chapter provides detailed information about the materials and methods used for the 
various studies conducted during this project. This comprises of procedures applied in the 
preparation of breads, starch slurries and analytical methods to observe and quantify changes 
in starch structure and form. In addition, the analysis of resistant starch and the proportions of 
amylose to amylopectin using respective Megayme kits are also described.  
 
6.1   Materials  
 
A variety of starches, chemicals, analytical reagents as well as breadmaking ingredients were 
used during this research study and the details are presented in Tables 6.1 to 6.5. 
 
Table 6.1   Source and details of starches  
 
Starch source  Description Supplier 
Wheat Native Sigma-Aldrich, Sydney, Australia  
Potato  Native  Melbourne Food Ingredient Company, 
Melbourne, Australia   
Rice Native 1
Rice Waxy  1 
Tapioca  Native  1 
Maize Waxy  1 
Mung bean  Native Pine Brand, Sitthinan Co, Baan Paew, 
Samutsakorn, Thailand   
1. Agri Food Ingredients, Melbourne, Australia 
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Table 6.2   Sources and details of general laboratory chemicals  
 
Chemical Description Supplier 
Ethanol  99% 1 
Sodium hydroxide  0.2M  1 
Deuterated 
dimethylsulphoxide  
99% Cambridge Isotope Laboratories, Inc, 
Tewksbury, USA 
Deuterated water 99% Cambridge Isotope Laboratories, Inc, 
Tewksbury, USA  
Potassium hydrogen 
phthalate  
Crystalline  1 
Sodium chloride  Crystalline 1 
Glacial acetic acid  99% 1 
Sodium hydroxide  Crystalline  1 
1. Chem-supply, Port Adelaide, Australia.  
 
Table 6.3   Source and details of reagents used for RS determination 
 
Chemical Description Supplier 
Sodium azide  Product code 1001906727, Lot 
MKBS2540V  
Sigma-Aldrich, Sydney, 
Australia 
Maleic acid  Product code 5414 Hopkin & Williams Ltd, 
Swansea, Wales   
Potassium hydroxide  Powder  1 
Megazyme Resistant Starch Assay Kit 
Including:    
Pancreatic α-amylase, Amyloglucosidase (AMG), Glucose 
oxidase-peroxidase aminoantipyrine reagent, Glucose reagent 
buffer, Glucose standard solution, Resistant starch control 
samples 
Megazyme International, 
Bray, Ireland  
1. Chem-supply, Port Adelaide, Australia.  
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Table 6.4   Source and details used of the reagents used for amylose and amylopectin 
determination  
 
Chemical Description Supplier 
Anyhydrous sodium acetate Crystalline  1 
Calcium chloride di-hydrate  Crystalline  1 
Magnesium chloride hexa-
hydrate 
Crystalline  1 
Manganese chloride tetra-
hydrate 
Crystalline  1 
Dimethylsulphoxide  99% 1 
Megazyme Amylose/Amylopectin Assay Procedure 
Including:  
Freeze dried Concanavalin A, AMG, Glucose oxidase-peroxidase 
aminoantipyrine reagent, Glucose reagent buffer, Glucose 
standard solution, Starch control samples 
Megazyme 
International, Bray, 
Ireland 
1. Sigma-Aldrich, Sydney, Australia 
Table 6.5   Details of ingredients and formulation used in the manufacture of white bread 
 
Ingredient  Manufacturer  Proportion used in 
formulation (%)1 
Baker’s flour Manildra Group 100 
Mains water N/A 63 
Caster sugar CSR 2.0 
Vegetable oil (blended) Crisco 2.0 
Salt SAXA 1.7 
Yeast Lowan 1.5 
Bread improver Lauke Flour 1.1 
1. Note values are relative to flour weight, with flour = 100% 
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6.2   Apparatus and auxiliary equipment 
 
The various pieces of equipment used during this project are listed in Table 6.6, along with 
details of the manufacturers and model numbers.  
 
Table 6.6   Details of equipment and instrumentation used during experiments  
 
Equipment Model number Manufacturer 
Water bath WB20D Ratek, Australia  
Shaking water bath  GRANLSB18  Grant, United Kingdom 
Vortex mixer  VM1 Ratek, Australia  
Centrifuge C-28 A Boeco, Germany  
Microfuge 1-14 John Morris Group, USA 
Oven (drying)  Io1365 Contherm, New Zealand 
Oven (baking)  KX5 Vanrooy, Australia 
Oven (proving) FC22 Vanrooy, Australia 
Food scale  AX4202E OHAUS, Australia 
Kitchen-aid heavy 10-speed 
bench mixer 
5Kpm50 Kitchen-aid, USA 
Heated magnetic stirrer 505-300000-00-3 Heidolph, Germany   
UV-Vis Spectrometer PA214C Agilent technologies, USA 
Analytical balance 173467 OHAUS, Australia 
Analytical microbalance MX5  Mettler Toledo, USA  
continued  
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Details of equipment…continued 
Equipment  Model number Manufacturer/Supplier 
Mill MF10 IKA, China  
Freeze dryer FDB-5503 Opergon, Korea 
pH meter HI2211 Hanna Instruments, Australia  
Volatile aluminium sample 
pans 
02190062 Perkin Elmer, USA 
Differential scanning 
calorimeter 
Pyris 1  Perkin Elmer, USA 
Nuclear magnetic resonance OXFORD AS500 Agilent Technologies, USA  
X-ray diffractometer  D4 Endeavor Bruker, USA  
Sputter coater 12155-AB SPI Supplies, USA 
Scanning electron 
microscope 
Quanta 200 ESEM FEI, USA    
 
 
6.3   Enzyme-based analyses 
 
Procedures based upon the use of enzymes as reagents contributed extensively to the 
investigations, discussion and conclusions made during this research project. Two primary 
methods were used and these were the determination of RS content and the analysis of the 
ratio of amylose to amylopectin. Both of these methods involved the use of kits were 
procured from Megazyme International (Bray, Ireland).  
 
6.3.1   Analysis of resistant starch content   
 
The RS content of samples was determined according to the AACC International method 
(AACC 32-40.01, AOAC 2002.02), using the assay kit from Megazyme Subsamples (100mg, 
accurately weighed into a 15mL centrifuge tube) were incubated with the hydrolytic enzymes 
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(4mL, containing both pancreatic -amylase and AMG) at 37°C for exactly 16 hours in a 
shaking water bath (set at 200 strokes/minute).  
The enzyme combination hydrolysed the non-resistant portion of the starch into D-glucose. 
The reaction was terminated by adding 99% ethanol (4mL), followed by centrifugation at 
3,000g for 10 minutes. Ethanol was decanted and washed with ethanol for a further two times 
with 50% ethanol (8mL). The pellet containing the RS was then dissolved in 2M KOH (2mL) 
in an iced water bath with vigorous magnetic stirring for 20 minutes.  
The solution was neutralised with acetate buffer (1.2M, pH 3.8, 8mL), and the starch in the 
redissolved pellet was then hydrolysed to D-glucose using AMG (0.1mL). For this, samples 
were incubated in a water bath at 50°C for 30 minutes with occasional stirring. Tubes were 
directly centrifuged (1,500g for 10minutes) before 0.1mL aliquots were taken and mixed with 
3mL of glucose oxidase/peroxidase (GOPOD) reagent. A blank was prepared by adding 
0.1mL of sodium acetate buffer (pH 4.5) to 3mL of the GOPOD reagent. Standards were 
prepared in quadruplicate by adding 0.1mL of glucose standard (1mg/mL) to 3mL of the 
GOPOD reagent. All tubes with GOPOD, the blank, controls and starch samples were 
incubated for 20 minutes at 50°C in a water bath. Absorbance values of sample solutions 
were measured using 1cm cuvettes in a UV-Visible spectrophotometer at 510 nm. The 
absorbances were then used to calculate the RS concentration following the approach 
described by the supplier of the analysis kit.  
 
6.3.2   Amylose and amylopectin determination  
 
The ratio of amylose to amylopectin in samples was determined using an assay procedure (K-
AMYL 12/16) from Megazyme International (Bray, Ireland). Starch samples (20 – 25mg) 
were accurately weighed into 15mL centrifuge tubes and 1mL of dimethylsulfoxide (DMSO) 
was added. The tubes were then mixed using a vortex mixer before being heated in a boiling 
water bath until the starch was completely dispersed. Samples were again mixed before 
heating for a further 15 minutes in a boiling water bath with intermittent vortex mixing. 
Samples were allowed to stand for 2 minutes at room temperature before 2mL of ethanol 
(95%) was added with continuous stirring. A further 4mL of ethanol was added with mixing 
and the starch precipitate that formed was allowed to stand for 15 minutes at room 
temperature.  
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Samples were then centrifuged for 5 minutes at 2,000g, the supernatant was discarded and the 
tubes were allowed to drain over absorbent paper resulting in a starch pellet that was used in 
the following steps. DMSO (2 mL) was added with gentle mixing before being heated in 
boiling water with occasional mixing for 15 minutes or until all lumps were removed. 
Concanavalin A (Con-A) solution (4mL) was immediately added with thorough mixing 
before being quantitatively transferred to a 25mL flask and made to the mark with the same 
solution.  
The diluted starch sample (1mL) was added to a 2mL microfuge tube and 0.5mL of the Con-
A solution was added with gentle mixing. Tubes were allowed to stand at room temperature 
for 1 hour before centrifuging for 10 minutes at 14,000g. 1mL of the supernatant was 
transferred to a 15mL centrifuge tube where 3mL of a sodium acetate buffer (100mM, pH 
4.5) was added and heated in a boiling water bath for 5 minutes. Tubes were then placed in a 
water bath set at 40°C and allowed to equilibrate for 5 minutes before an enzyme 
combination of α-amylase and AMG was added and incubated for 30 minutes at 40°C.  
Tubes were centrifuged for 5 minutes (2,000g) after which 1mL aliquots were taken and 
mixed with 4mL of the GOPOD reagent. A reagent blank was also prepared by adding 1mL 
of the sodium acetate buffer with 4mL of the GOPOD reagent. Glucose standards were 
prepared by mixing 0.1mL of the glucose standard solution (1mg/mL), 0.9mL of the sodium 
acetate buffer and 4mL of the GOPOD reagent.  
For the total starch calculations, 0.5mL of diluted starch sample (in the 25mL flask) was 
mixed with 4mL of the sodium acetate buffer in a 15mL centrifuge tube. 0.1mL of the 
enzyme reagent (α-amylase and AMG) was added and the solution incubated in a water bath 
at 40°C for 10 minutes. Aliquots (1mL) were mixed with 4mL of the GOPOD reagent.  
Finally, all tubes with the GOPOD reagent, the blank, controls, total starches and the Con-A 
supernatant were incubated at 40°C in a water bath for 20 minutes. Absorbance values were 
measured by UV-Vis spectrophotometer at 510 nm in 1cm cells then used to calculate the 
amylose and amylopectin proportions according to the approach provided by the supplier of 
the analysis kit.  
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6.4   Determination of physical and morphological characteristics  
 
A wide variety of methods were used to analyse the starch samples for their processing 
potential as well as both internal and external granular characteristics. Unless otherwise 
stated, all analyses were carried out at least in duplicate.  
 
6.4.1   Moisture determination  
 
The moisture content of freeze dried, ground bread samples was measured according to the 
American Association of Cereal Chemists (AACC) International air oven method (AACC-
International, 2010). Empty aluminium dishes with lids were placed in a pre-heated oven set 
at 130°C. After 1 hour the dishes were removed and allowed to cool for 30 minutes in a 
desiccator containing active silica gel desiccant, then weighed on a four-figure balance. 
Subsamples (5g) were accurately weighed into these dishes. 
Samples were then dried at 130°C for 1 hour, cooled in a desiccator for 30 minutes and re-
weighed. This procedure of drying, cooling and weighing was repeated three times until a 
constant sample weight was achieved and the final moisture content was calculated by: 
 
ܯ݋݅ݏݐݑݎ݁	ܿ݋݊ݐ݁݊ݐ	ሺ%ሻ ൌ 	 ݐ݋ݐ݈ܽ	ݓ݄݁݅݃ݐ െ ݓ݄݁݅݃ݐ	݌݋ݏݐ݀ݎݕ݅݊݃	݋ݎ݈݅݃݅݊ܽ	ݏܽ݉݌݈݁	ݓ݄݁݅݃ݐ	 	ൈ 100 
 
 
6.4.2   Differential scanning calorimetry (DSC)  
 
The thermal properties of starch were examined using DSC with the intention of evaluating 
both temperature onsets and ranges for the gelatinisation of wheat starch. Prepared 
subsamples in the form of a slurry (3.00mg) were accurately weighed into the centre of 
reinforced pans which were immediately sealed with lids. Subsamples were analysed at least 
in triplicate.  
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DSC was carried out using a Perkin-Elmer DSC 7 where the pans were held at 20°C for 2 
minutes before heating to 95°C at a selected rate and held for 3 minutes. Pyris software (Pyris 
Manager) supplied by Perkin Elmer was used to generate a graph which contained values for 
peak temperature (°C), onset (°C), offset (°C), area (J/g°C), peak height (J/g°C) and enthalpy 
(Jg-1). The instrument was calibrated with indium according to the method provided by the 
manufacturer.  
 
6.4.2.1    Sample preparation  
 
In a 50mL beaker starch samples were thoroughly mixed with distilled water at a 1:2 ratio to 
form a slurry. The beaker was covered with aluminium foil and allowed to stand at room 
temperature for a minimum of 13 hours. Post-storage, the slurry was thoroughly mix and then 
sub-sampled for analysis. 
 
6.4.2.2   Evaluation of the impact of the temperature ramp  
 
A number of temperature ramps were examined to observe greater detail in the resultant 
thermograms using native unmodified wheat starch (Sigma Aldrich).Three ramps were 
examined; 2°C/min, 5°C/min and 10°C/min. In all cases holding temperatures at the start and 
at the end were the same as described above.  
 
6.4.3   X-ray diffraction (XRD)  
 
X-ray diffractograms of the starch samples were obtained using a Bruker D4 Endeavor under 
the following conditions: 2θ range of 5-90°, voltage of 40kV, current of 35mA, rate of 0.3/s 
and a stepsize of 0.02. From the X-ray diffractograms the degree of crystallinity (DC) was 
calculated using the formula used by both Mihhalevski et al. (2012) and Ribotta, Cuffini, 
León, and Añón (2004). XRD samples were analysed in duplicates.  
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 ܦ݁݃ݎ݁݁	݋݂	ܿݎݕݏݐ݈݈ܽ݅݊݅ݐݕ	ሺ%ሻ 	ൌ 	 ூ௖ூ௖ାூ௔ 
 
Where: 
Ic = The integrated area of the crystalline phase; and 
Ia = The integrated area of the amorphous phase. 
 
6.4.4   Nuclear magnetic resonance (NMR)  
 
1H NMR spectra were acquired in D2O in a 500 MHz Agilent DD2 NMR spectrometer with 
referencing to solvent signals (δH 4.64 ppm). Spectra were acquired at 80°C with 128 scans, 
using a relaxation delay of 0.01 s for at least duplicate samples. The degree of branching was 
calculated according to the formula of Tizzotti, Sweedman, Tang, Schaefer, and Gilbert 
(2011).  
 
ܦ݁݃ݎ݁݁	݋݂	ܾݎ݄ܽ݊ܿ݅݊݃	ሺ%ሻ ൌ 	 ሾܫα1 → 6ሿሾܫα1 → 6ሿ ൅	ሾܫα1 → 4ሿ 	ൈ 100 
 
Where:  
Iα1→6= The integral peak areas of the branching linkage; and  
Iα1→4= The integral peak areas of the linear linkage.  
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6.4.4.1   Sample preparation 
 
A method similar to that of Fuentes et al. (2016) was used with minor modification. Starch 
samples were weighed into 2mL glass vials and mixed with deuterated DMSO (D-DMSO) at 
a concentration of 5mg/mL. The starches were then dissolved by placing the vials in a boiling 
water bath for 15 minutes. Following freeze drying, the samples were further dissolved with 
deuterium oxide (D2O) (5mg/mL) in a boiling water bath for 15 minutes. Another cycle of 
freeze drying took place before finally dissolving the starches with D2O (5mg/mL) and then 
placed into a hot water bath above 80oC for at least 20 minutes prior to injection.  
6.4.5   Scanning electron microscopy (SEM)  
 
Dried starch samples were mounted on a copper stub using double sided carbon tape and 
given a brief blow using pressurized air leaving only surface particles on the stub. The 
samples were then coated with gold using a gold sputter coater before placement in the 
environmental scanning electron microscope (ESEM) stand. Viewing and photography then 
took place in a low vacuum environment with a working distance of 10mm and voltages 
ranging between 10 and 30kV depending on image requirements.  
 
6.5   Procedures for hydrothermal treatment of starch samples 
 
Unless described otherwise, starches were moisture adjusted with a 0.1M solution of 
potassium hydrogen phthalate (KHP) at a pH of 5.5. This was prepared and adjusted to pH 
5.5 via the drop-wise addition of 0.2M NaOH creating a buffer. This was then used to adjust 
moisture contents for all thermally treated starches unless otherwise stated.  
 
6.5.1   Annealing (ANN) 
 
For annealing treatments, starch from wheat was added to the KHP buffer to make a 
starch:buffer ratio of 1:2 slurry which was allowed to equilibrate for 24 hours on a magnetic 
stirrer set on a low speed. The starch slurry was then annealed at 50°C in a water bath for a 
period of 24 hours before centrifuging and removing the supernatant. The resultant powder 
was then freeze dried and stored at -18°C until analysed.  
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6.5.2   Heat-moisture treatment (HMT) 
 
The moisture content was calculated and adjusted to 20 % using a KHP buffer with a pH of 
5.5 to make a paste. The paste was then heated in an oven at 100°C for 16 hours followed by 
freeze drying. The resultant powder was gently ground using a mortar and pestle, and then 
stored at -18°C until analysed.  
 
6.5.3   The influence of annealing time  
The wheat starch slurry was made to the same ratio as described in 6.5.1 and allowed to 
equilibrate for a period of 24 hours on a magnetic stirrer. The slurries were annealed for 
either 6, 24 or 48 hours at 50°C with a temperature controlled magnetic stirrer. Samples were 
then decanted into beakers and allowed to stand briefly enabling the temperature to stabilise 
and the starch to sediment. The supernatant was discarded before the starch was freeze dried 
and ground to a powder with a mortar and pestle, and then stored at -18°C until analysed. 
 
6.6   Preparation of bread  
 
The following sections describe how loaves of bread were produced, stored and then prepared 
for a range of analyses.  
 
6.6.1   Preparation of baked loaves 
 
All ingredients were weighed and then mixed in a Kitchen Aid heavy duty 10 speed bench 
mixer. Based upon the Nutrition Information Panel provided by the manufacturer on the 
packaging, the baker’s flour contained 13.1% protein, 66.8% total available carbohydrates 
and 1.6% total lipid.Initially, mixing was carried out on a slow speed (setting 1) for 4 minutes 
followed by a further 6 minutes at a higher speed (setting 6), until the gluten matrix was well 
developed. The dough was then covered with a damp tea towel and allowed to prove at room 
temperature for one hour. The dough was then briefly kneaded and divided into 380g portions 
and moulded prior to placing into greased bread tins. The second proofing occurred in a 
humidifier at 37°C for 30 minutes at a relative humidity of 85%. Finally, the doughs were 
baked, initially for 10 minutes at 230°C, and then for a further 15 minutes at 200°C.   
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6.6.2   Storage of bread   
 
Once baked and cooled, loaves were packed into airtight sealable bags and placed either at 
room, refrigeration or frozen temperatures and stored for various periods of up to 7 days. The 
storage conditions corresponded to temperatures that were measured as 20°C, 3.5°C and -
17°C, respectively. The temperatures and storage times were chosen as these conditions 
reflect the alternative ways in which the majority of Australian consumers store bread.  
 
6.6.3   Sample preparation of bread samples for analysis   
 
The following procedure was used to prepare bread samples for both RS determination and 
XRD. These were prepared by freeze drying, using a procedure similar to that of Buddrick, 
Jones, Hughes, Kong, and Small (2015) and Mihhalevski et al. (2012), with minor 
adaptations. Samples were taken from each representative storage sample on days 0 (day of 
baking), 1, 4 and 7. This was done by taking 1cm slices from the middle of the loaf and finely 
dicing. Once diced, they were placed into sealable bags which were immersed into a Dewar 
vessel of liquid nitrogen, instantly freezing the samples. The frozen bread samples were then 
freeze dried for a period of 4 hours at -55°C. The resultant samples were ground using an 
IKA Universal Mill 20 fitted with a 1.0mm sieve and the freeze dried powders were stored at 
-18°C until analyses were carried out. 
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Chapter 7  
Results and discussion 
Structural characterisation of starches from various sources 
 
 
The purpose of this chapter is to present and discuss the results of the first phase of this 
research study in which the structures of selected starches have been characterised using both 
SEM and XRD techniques. 
 
7.1   Introduction  
 
Given that starch, unlike any other polysaccharide, exists in small packages known as 
granules, it is important to characterise starch both in terms of the surface characteristics as 
well as the internal properties of these granules. It is well established that the size and shape 
varies and is characteristic for particular plant genotypes, based a number of factors including 
the different starch biosynthetic enzymes and the biochemistry of the amyloplast (Ao & Jane, 
2007). SEM provides an effective means of observing the morphological characteristics and 
changes that might be occurring, including those of swelling along with the appearance of 
cracks or pores, under high magnification. The morphology of starch granules is specific and 
unique to the botanical source and so SEM is often used in conjunction with other analyses in 
starch identification.  
The internal architecture of starch granules is discussed in some detail in section 2.4 and this 
has a direct influence on the overall size and shape of the granules, being dependent upon a 
number of genetic factors including the ratio of amylose to amylopectin. Wide angle XRD is 
commonly employed and is one many ways to characterise and observe changes to the 
internal hierarchy of starch granules, often complementing data gathered from SEM and 
DSC. Starch is best described as being ‘semi-crystalline’ and XRD allows observations of 
changes in total crystallinity as well as alterations in the characteristic peaks which may lead 
to complete crystalline shifts. In the preliminary phase of the current study, six native 
starches from commercial sources were analysed using both SEM and XRD and these were 
wheat, potato, corn, rice, tapioca and mung bean.  
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7.2 Preliminary evaluation of the magnification to be used for SEM    
 
With the purpose of allowing direct comparisons between SEM micrographs of starch a 
number of different magnifications were studied. It was decided that a smaller magnification 
would be used at 400× (Figure 7.1) to allow observations of aggregation and matrix 
formation, if there was any. A higher magnification was performed at 2000× (Figure 7.2) 
allowing surface characteristics to be assessed. In addition, each starch was also analysed 
with the highest magnification possible that would still produce a high quality micrograph. It 
is noted that for the higher magnifications, the maximum magnifications that could be 
achieved are different for the different starches. It is recognised that this must be considered 
when the resultant images are compared (Figures 7.3 – 7.8), however, the purpose was to 
obtain the clearest images, at the highest magnification possible in each case.  
 
7.3    Starch granule morphology  
 
In this section, typical examples of the SEM images of the starches are presented. These are 
for the commercial samples from wheat, potato, corn, rice tapioca and mung bean, along with 
discussion of the contrasting morphological characteristics for the various botanical sources. 
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Figure 7.1   Commercial starches (shown from left to right: wheat, potato, corn, rice, tapioca & mung bean) at 400× magnification 
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Figure 7.2   Commercial starches (shown from left to right:  wheat, potato, corn, rice, tapioca & mung bean) at 2,000× magnification 
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Figure 7.3   Wheat starch shown at 6,000×  magnification  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4   Potato starch at 2,400×  magnification  
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Figure 7.5   Corn starch at 8,000× magnification  
Figure 7.6   Rice starch at 15,000×  magnification 
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Figure 7.7   Tapioca starch at 6,000× magnification 
 
Figure 7.8   Mung bean starch shown at 4,000× magnification 
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Observations at a magnification of 400× are compared in Figure 7.1, in which the degree of 
aggregation between the starches is fairly consistent, although wheat starch appears to have 
the highest degree of aggregation whilst corn starch is quite loosely packed. Figure 7.2 shows 
micrograph comparisons at 2000× where more direct comparisons involving size and shape 
can be made. The degree of aggregation depends on a number of factors including isolation 
and processing methods as well as variation in sample preparation with the placement and 
loading of the starch samples on the microscope stubs. The observations of the starch 
granules seen in this study are summarised in Table 7.1 along with comparisons of these with 
those reported in the recent scientific literature.  
It was consistently seen that the wheat starch demonstrated the expected bimodal size 
distribution having both A- and B-granules present. It has been reported that B-granules 
range in diameter from 1 – 10µm and are always present in higher concentrations (Ao & 
Jane, 2007) than the A-granules which range from 15 - 40µm (Copeland, Blazek, Salman, & 
Tang, 2009) (Figure 7.3). Generally, wheat starch granules tend to have somewhat of a 
flattened spherical shape, often referred to as lenticular in nature, almost resembling that of a 
red blood cell. Despite this, however, A-granules and B-granules do have different shapes 
and this is genetically dependent upon a number of factors including amylose content, degree 
of branching, degree of crystallisation, amylopectin arrangement and average branching chain 
length. In native starch, the amylose portion tends to be primarily amorphous with the overall 
crystallinity being determined by the concentration of amylopectin, which has been shown to 
differ between A-granules to B-granules in wheat starch. Higher concentrations of amylose 
result in lower crystallinities creating a larger granule size due to the lack of uniformity and 
disorderly nature of the starch molecules present (Ao & Jane, 2007).  
 
The structure and subsequent arrangement of amylopectin also varies from A-granules to B-
granules, having an impact on granule shape being dependent upon the molar ratios of short 
to long branching chains. The A-granules contain a large amount of relatively long chains 
and a smaller quantity of the shorter chains, resulting in parallel alignment and a cylindrical 
shape. In contrast, the B-granules have larger amounts of short than long chains producing a 
perpendicular arrangement and hence more of a cone shape (Ao & Jane, 2007; Jane, 2006).     
Chain length distributions of amylopectin can be analysed by enzymatic debranching (using 
isoamylase) followed by separation with high-performance anion-exchange chromatography 
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with an online enzyme reactor and a pulse amperometric detector (Jane, 2006). These 
findings of chain length distribution are similar to that of other starches that are bimodal 
including barely and triticale (Ao & Jane, 2007).  
Potato starch granules have more of an oval shape, being described as ellipsoidal and are 
significantly larger than those of wheat starch, and having among the largest granule sizes 
among the commonly used sources of starch (Figure 7.4). However, the variation in the sizes 
of potato starch granules is rather large (Figure 7.2), where small granules can form and these 
may have a diameter of approximately 1µm whilst larger granules may be in excess of 
100µm (C. Wang, Tang, Fu, Huang, & Zhang, 2016) (Figure 7.4). Potato starch is genetically 
unimodal in nature, although the smaller granules appear to have more of a spherical shape 
whilst the larger granules present with the characteristic ellipsoidal morphology (Figure 7.2). 
C. Wang et al. (2016) fractionated and classified potato starch into three different sizes and 
found similar arrangements of amylopectin to that described by Ao and Jane (2007) with 
bimodal starches affecting granule shape.  
Corn (often referred to as maize) starch has roughly spherical granules with flat, slightly 
angular surfaces (Figure 7.5). There is diversity both in shape and size for corn starch, where 
some granules are almost perfectly spherical and others are slightly polygonal in nature. 
Surfaces of the corn starch granules are smooth, without the obvious presence of pores, 
crevices or curvatures, with typical granule diameters of around 5 - 15µm. 
Rice starch granules are the smallest of the native starches analysed with SEM (Figure 7.2) 
and are distinctly polygonal in shape, when compared to corn starch (Figure 7.5). The 
characteristic shape of rice starch is seen in a high quality micrograph under a high 
magnification (Figure 7.6) where they appear to range in size from 2 - 8µm. Under the 
correct conditions of spot-size and voltage, surface characteristics of the native starch 
granules become clear, such as curvatures and indentation, can be observed and this is 
evident for both rice (Figure 7.6) and potato (Figure 7.4).  
Tapioca (often referred to as cassava) starch, on the other hand, generally has spherical 
granules, though a proportion appears to have more of a cylindrical shape with flat or 
truncated surfaces (Figure 7.7). The native granules have smooth surfaces with no pores or 
crevices present and have a size distribution ranging from around 5 - 25µm.  
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Mung bean starch granules (Figure 7.8) have a shape similar to that of an ellipse with a size 
range from approximately 5 to 40µm. The surface of these granules appears to be largely 
smooth without pores or indentations though some areas with small curvatures are present. 
Little research has been conducted around starches from pulses although some recent articles 
describe similar characteristics and the granules as being kidney shaped in nature (Hu et al., 
2013; W. Li et al., 2015). 
 
Table 7.1   Summary of starch characteristics observed and comparisons to literature  
  
Starch   Observations  Literature  Reference  
Wheat Lenticular (A-granules)  Disk (A-granules)  Ao and Jane (2007) 
 Spherical (B-granules)  Spherical (B-granules)   
Potato Ellipsoidal (large) Ellipsoidal (large) C. Wang et al. 
(2016) 
 Spherical (small) Spherical (small)   
Corn Spherical & polygonal  Polygonal  Chen et al. (2018) 
Rice Angular, polygonal  Polyhedral  Ashwar, Gani, 
Shah, and Masoodi 
(2017) 
Tapioca Oval-truncated Oval-truncated  Monroy, Rivero, 
and García (2018) 
Mung bean  Ellipse  Reniform   Hu et al. (2013) 
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7.4   X-ray diffraction  
 
X-rays are produced when speeding electrons are stopped by an object; therefore, for the 
generation of X-rays the chemist will need a source of electrons, a means of accelerating 
them and a target to stop them. X-ray tubes are often used; here an electrically heated 
tungsten filament acts as the cathode producing electrons, which are projected towards the 
anode with the application of a large voltage (Padua & Wang, 2012).  
 
If an electron has enough energy it can transfer a portion of its energy to an electron found in 
the K shell of an atom of the target molecule. This causes the electron to be ejected, thus 
creating a vacancy within the K shell surrounding the nucleus and this is filled by an electron 
“falling down” from either the L or M shell. This transfer of electrons results in an X-ray 
photon as a function of the energy difference between the electrons (Padua & Wang, 2012; 
Pomeranz & Meloan, 1994).  
 
The X-rays produced due to the fall of electrons from the L or M shells into the K shell are 
classified as either being K-α or K-β radiation. Being electromagnetic waves, they cause 
vibrations of electrons and atoms which they pass through, and this may result in a composite 
wave, known an interference (Figure 7.9). The incident wave is then deflected and propagates 
in a different direction and this is referred to as diffraction. The intensity of the diffracted 
beams can then be analysed by a detector and used to characterise and identify crystalline 
structures (Padua & Wang, 2012).  
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The development of XRD was catalysed by members of the Bragg family who successfully 
applied XRD to investigate a number of crystal structures. They consequently developed 
what today is known as the Bragg condition, which is described by the equation: 
 
2dsinθ=nλ  
 
Where:  
d = The interplanar distance;  
θ = The scattering angle;  
n = The order of diffraction; and   
λ= The wavelength of the X-ray.  
Hence, X-rays will only be reflected back with constructive interference from a crystal 
surface if the angle of incidence satisfies the following condition; (Skoog, Holler, & Crouch, 
2007).  
Sinθ=nλ/2d 
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The following section of this chapter presents and discusses the results of X-ray analysis and 
characterisation of the commercial starch sources. For this, samples were analysed using the 
approach described in methods and materials chapter (6.6) and at least triplicate analyses 
were performed using Bragg angles (2θ) in the range of 4o to 90o (Figures 7.10 – 7.12).  
 
7.5   Study of starches using XRD 
Figure 7.9   X-Ray diffraction as a function of energy differences between electrons, based 
on the information from Y. Wang and Geil (2012) 
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Figure 7.10   Typical XRD diffractogram of the commercial wheat starch sample 
Figure 7.11   XRD diffractogram of corn starch  
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Wheat, corn and rice starch samples (Figures 7.10 – 7.12) all demonstrate the expected XRD 
characteristics of the A-type crystal form. This consists of major peaks at around 15o, 22o and 
a double peak split over angles 17o and 18o. Whilst the intensities (Table 7.3) may vary in 
different sources of the A-type starch, these peaks are consistent: the variation is reflected in 
the degree of crystallinity and the ratios of amylose to amylopectin. Native starch is 
semicrystalline where the total crystallinity depends highly upon the ratio of amylose to 
amylopectin as it is the amylopectin portion that is in crystalline form in unprocessed starch. 
Most authors researching starches using XRD do not tend to include angles that are beyond 
about 35 – 40o, as the majority of the characteristic peaks for the three form, A, B and C, are 
found between the angles of 4 – 30o. As observed in all the A-type crystals, no major, 
defining peaks are present beyond 22o, although there is a minor peak present at 44o in all of 
the cereals analysed here with varying intensities where wheat starch produced the strongest 
peak. It is not known what this peak is, although it could be a result of a manufacturing 
process and it may be worthwhile to continue additional investigations to establish whether 
this peak is present in other sources of starch. The characteristic peaks for the A, B and C-
type crystals are presented in Table 7.4, along with comparisons with values found in the 
scientific literature.  
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Figure 7.12   XRD diffractogram of rice starch  
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XRD patterns display crystalline peaks superimposed over an amorphous background, which 
subsequently allows the calculation of the degree of crystallinity as a percentage (Table 7.2). 
Determination of the areas of these crystalline and amorphous regions, however can be a 
subjective process and as such variation can be expected and the degree of crystallisation 
should not be used alone as an analytical method.  
 
 
Starch  Crystallinity (%) 
Wheat 54.63  ± 1.47 
Potato 34.42  ± 0.67 
Corn 38.90  ± 0.74 
Rice 57.10 ± 1.49 
Tapioca  39.90  ± 0.41 
Mung bean  51.73 ± 0.73 
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Table 7.2   Total crystallinity values of various commercial starches  
Figure 7.13   XRD diffractogram of tapioca starch  
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Figure 7.13 shows the XRD pattern obtained from tapioca starch where the A-type pattern is 
observed. Tapioca, being produced below ground as a tuber, it would be expected to produce 
a B-type pattern; however tapioca appears to be an exception to the generalisation. The A-
type pattern observed in tapioca starch is consistent among the various relevant references in 
the literature (Paternina Contreras, Salcedo Mendoza, Contreras Lozano, & García Paternina, 
2016; Remya, Jyothi, & Sreekumar, 2017).  
 
 
Starch  
Intensity (counts)  
15 17 18 22 
Wheat  8239 10033 9878 8956 
Corn  7291 8828 8886 8358 
Rice  7319 8250 8630 7376 
Tapioca  7952 9563 9478 8927 
 
The intensity values in the XRD diffractograms correlate to the relative strength of the peaks 
and Table 7.3 presents the characteristic peaks and their intensities, for all of the starches 
analysed that exhibited the A-type pattern. Whilst all starches show relatively strong peaks, 
there is variation present which can also be seen in their respective diffractograms. Wheat 
starch appears to have the strongest peaks, although the various starches do have quite similar 
features.  
Figure 7.3    Relative intensities for starches that exhibited the A-type pattern characteristic 
peaks (2θ) 
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Potato starch (Figure 7.14), being a tuber had the characteristic B-type crystal and the 
differences and similarities are compared to those of the A-type crystal of wheat starch in 
Figure 7.9. Characteristic peaks are seen at 5o, 17o, 26 o and a double peak of less intensity 
split occur between 21o and 24o. One of the more defining features of B-type starches is the 
peak at 5o and this relatively unusual as the majority of significant peaks are found above 10o. 
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Figure 7.14   XRD diffractogram of potato starch  
Figure 7.15   XRD diffractogram of wheat and potato starches 
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Figure 5.15 compares and contrasts the dominant peaks for that of an A-type and a B-type 
crystal.  
 
 
 
 
Despite being well established that starches from legumes produce a C-type pattern 
(Copeland et al., 2009), the mung bean starch that was analysed in this project produced the 
A pattern (Figure 7.16), similar to that of wheat, corn and rice and hence it should be 
described as an A-type pattern. The peculiar peak seen at 44o is also seen in mung bean starch 
as with the other A-type crystals. A review of the current literature reveals inconsistency with 
XRD patterns and mung bean starch with authors observing the A-type pattern (S. Li, Gao, & 
Ward, 2011) and the C-type pattern (W. Li et al., 2015). Very little data is available on the 
characterisation of starch from mung bean making this a research area that warrants further 
exploration. The contrasting results in patterns for mung bean starch could possibly be 
attributed to sample preparation, XRD analysis conditions or some form of modification 
process during starch manufacture.    
For comparative purposes, Figure 7.17 shows the diffractogram produced from lentil starch 
demonstrating the expected C-type structure. The C-type structure is reported to be a 
diffractogram mixture of both the A-type and the B-type having peaks at 5o, 15o, 17o and 22o. 
0
2000
4000
6000
8000
10000
12000
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Co
un
ts
2θ
Figure 7.16 XRD diffractogram of mung bean starch  
Chapter 7 
90 
Figure 7.18 compares characteristics XRD patterns from the three main crystal forms, A, B 
and C-type.  
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Figure 7.17   XRD diffractogram of lentil starch 
Figure 7.18   XRD diffractogram contrasting the three main characteristic XRD 
diffractograms found in starches 
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Crystal form  Defining peaks  
(2θ angles) 
Literature peaks  
(2θ angles) 
Reference  
A-type  15, 17, 18, 22  15, 17, 18.1, 23.5 Park et al. (2018) 
B-type  5, 17, 21. 24  5.6, 17, 22, 24 C. Wang et al. (2016) 
C-type  15, 17, 22  5.7, 15, 17.3, 22 Rafiq, Jan, Singh, and 
Saxena (2015) 
 
 
In the present study six starches from sources that are exploited industrially were analysed 
and characterised using both SEM and XRD. One of the primary insights gained during this 
phase of the project was that in categorising starches, there is variability in granular 
properties and some observations were unexpected. 
SEM revealed the expected granular diversity and morphology when compared to the 
literature and possible explanations have been discussed that might help to explain this 
diversity including environmental conditions and genetic factors. The specific genotype of 
the plants synthesising starches appear to influence internal characteristics including 
amylopectin concentration, degree of branching and chain length which in turn markedly 
affects not only granule morphology, but also overall crystallinity, as measured by XRD.  
XRD can characterise starches into three main types, A, B and C where few starches present 
with the C-type and little appears to be known about the underlying reasons for this. Most of 
the starches analysed in this chapter demonstrated with the A-type pattern, although there was 
still variations in peak intensity and hence overall crystallinity. The information gathered in 
this chapter from both SEM and XRD form the basis and rationale for the subsequent studies 
and chapters in this project. Few research papers apply XRD to complex food systems due to 
their inherent nature and this is a large focus of Chapter 8. Granule morphology and 
crystalline form also have a direct impact on the thermal properties of starch which is 
analysed, applied and discussed in greater detail in Chapters 9 and 10. 
Table 7.4   Characteristic peaks found in common starches compared to literature values 
7.6   Summary of findings  
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Chapter 8 
Results and discussion 
The effects of temperature on the crystalline properties and 
resistant starch during storage of white bread  
 
 
In this chapter results are presented and discussed for an investigation of loaves of white 
bread which were stored under various conditions and the resultant samples analysed both for 
RS content, and by XRD. It is noted that most of this chapter has been published in the 
following paper, a copy of which is provided in Appendix 1 of this thesis. 
Sullivan, R.W., Hughes, G.J., Cockman, W.R. and Small, M.D. (2017). The effects of 
temperature on the crystalline properties and resistant starch during storage of white bread. 
Food Chemistry, 228: 57–61. http://dx.doi.org/10.1016/j.foodchem.2017.01.140 
 
8.1   Introduction  
 
Bread in its various forms is a staple food in many countries around the world, where it 
makes significant contributions to both human diets and the economic viability, activity and 
growth of the food industry. However, despite this, bread is known for having a short shelf-
life which can lead to significant product waste through spoilage or staling. Spoilage in bread 
is particularly caused by mould growth often evident by the development of coloured areas 
on the external surfaces of the loaf. Common causes of spoilage of bread by moulds includes 
species from three genera: Penicillium spp, Aspergillus spp and Cladosporium spp. Bacterial 
spoilage involving Bacillus spp is also possible in warmer conditions, although it is less 
common as a cause of wastage (Pateras, 2007 ). Bread spoilage is well understood and is 
largely controlled through addition of preservatives and modified atmosphere packaging.  
Bread staling is the other cause of wastage and is one of the primary themes in this chapter. 
The mechanism behind staling is not fully understood and much research continues today 
with aims to limit, inhibit or slow the process.  
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Staling is not a single process, but is the result of a number of changes including moisture 
redistribution, starch crystallisation and alterations in starch-gluten interactions (Fadda, 
Sanguinetti, Del Caro, Collar, & Piga, 2014). As soon as bread leaves the oven the starch 
present begins to undergo recrystallisation or retrogradation; true fresh bread is only really 
available within a few hours of manufacture. Crystallisation is a function of gelatinised 
amylopectin molecules re-associating via hydrogen bonding to form double helices which 
creates a firmness in the crumb. The process happens over a period of days. In contrast, 
amylose re-association occurs within hours resulting in the initial crust firmness that is 
observed by consumers (Fadda et al., 2014).  It has also been suggested that hydrogen 
bonding between the -OH groups of the starch and the -NH2 groups on the gluten proteins 
leads to an inverse relationship between the protein content and the time required for bread to 
stale during storage (He & Hoseney, 1991). The migration of water within the bread has also 
been shown to have a significant impact on the rate and degree of staling. A number of 
conflicting theories have been proposed, but the most widely accepted theory involves the 
migration of water from the gluten matrix to the starch portion as the starch recrystallises into 
the B-type from its original A-type prior to baking (Pateras, 2007 ).  
As RS3 is recrystallised amylose, RS should contribute to total crystallinity and measurement 
of crystallinity by X-ray diffraction (XRD) has the potential for evaluating relative RS 
concentrations. XRD has also been used by many research groups in attempts to understand 
the complex mechanisms involved during staling (Fadda et al., 2014; Ribotta, Cuffini, León, 
& Añón, 2004). Aguirre, Osella, Carrara, Sánchez, and Buera (2011) investigated the effect 
of storage temperature on crystallinity using XRD, but RS content was not determined in that 
study. On the other hand, Yadav (2011) examined the effects of dough formulations and 
baking conditions on RS content, although storage temperature was not taken into account 
and XRD measurements were not performed. Therefore XRD could be particularly 
advantageous as an efficient and economical method for measurement of the RS content 
compared with the relatively expensive and time consuming enzymatic method. Hence, the 
overall aim of this investigation was not only to determine the effect of storage temperature 
on RS formation during breadmaking, but also to establish whether there is a strong 
relationship between RS content and crystallinity as determined by XRD. 
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8.2   XRD analysis: baker’s flours and stored bread 
 
The baker’s flour used in the current study displayed an A-type XRD pattern (Figure 8.1), 
which is characteristic for cereal starches, with peaks at 2θ angles of 15°, 17°, 18° and 23° 
(Mihhalevski et al., 2012). After baking the loaf samples (day 0) showed a dramatic loss in 
crystallinity and a relative increase in the amorphous region (Figures 8.2a to 8.2c), compared 
to the original baker’s flour (Figure 8.1). This was expected, as the baking process causes the 
starch granules to undergo gelatinisation in agreement with observations by others that the 
granules lose birefringence (Copeland, Blazek, Salman, & Tang, 2009). 
 
Figure 8.1   XRD diffractogram of baker’s flour displaying the characteristic A-type pattern 
 
From Day 0 onwards the process of starch recrystallisation, or retrogradation, was evident 
under all storage conditions, although occurring at different rates (Figures 8.2a to 8.2c). The 
recrystallisation peaks formed at a faster rate in the loaves stored at 4oC, more slowly under 
ambient conditions and slowest at -18°C. From a kinetic perspective, it might have been 
predicted that bread stored at the highest temperature would retrograde fastest, but this was 
not observed. This observation confirms previous work in which it was observed that more, 
and smaller, crystals form upon storage at 4°C (Aguirre et al., 2011; Bosmans, Lagrain, 
Fierens, & Delcour, 2013; Bosmans, Lagrain, Ooms, Fierens, & Delcour, 2014).  
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Figure 8.2   XRD patterns of bread loaves stored at different temperatures 
 a = -18°C, b = 4°C & c = 20°C 
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8.3   Crystallinity of bread samples 
 
The changes in total crystallinity values (Figure 8.3) demonstrate the trend observed in the 
XRD diffractogram results. It can be seen that, for a given temperature, there are two phases 
to this graph: an initial sharp increase during the first day, followed by a diminished rate of 
increase over subsequent days. It is known that the different starch fractions retrograde at 
different stages and rates: amylose crystallises first (in minutes to hours) whereas the 
amylopectin crystallises at a slower rate over a period of days (Ross, 2012). This may explain 
the observations in Figure 8.3, where the initial increase corresponds to the amylose portion 
retrograding, followed by slower change to the amylopectin portion. These findings are 
similar to those of Aguirre et al. (2011) who found that starch association continues during 
storage. These observations, however, differ to those of Ribotta et al. (2004) who found that 
starch retrogradation only increases in the first 24 hours of storage. 
 
 
Figure 8.3   Total crystallinity of bread samples during extended storage at selected 
temperatures 
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A major change in crystallinity was evident by XRD regardless of the storage temperature. 
The new peaks that form over time are not of the A-type found in the baker’s flour, but are of 
the B-type, which is commonly associated with tuber starches (Copeland et al., 2009). These 
B-type crystals show peaks at 2θ angles of 17° and 20-23° (Mihhalevski et al., 2012) (Figures 
8.2a to 8.2c). This shift in crystallinity is in agreement with observations by Aguirre et al. 
(2011) and Ribotta et al. (2004). 
 
8.4   XRD of commercial bread samples 
 
In order to act as a sample to compare the experimental loaves with, commercial breads 
(white and wholemeal) were purchased and studied with X-ray diffraction under the same 
experimental and instrumental conditions.  
Both the commercial wholemeal (Figure 8.4) and white (Figure 8.5) breads demonstrate a 
very weak, highly amorphous, A-type pattern with a peak at 15° and the split peak over 17° 
and 18°. Peak formation at 24° is starting to emerge consistent with a shift towards the B-type 
crystal, reflecting the same observations as those seen for the experimental loaves produced 
in this study. This indicates that the retrogradation process has commenced within these 
commercial samples. In addition, an unknown, very strong peak is observed at 29.5°. The 
peak is not likely to be a lipid complex as these tend to appear at angles of 13° and 20° 
(Hung, Vien, & Lan Phi, 2016). The identity of this peak at 29.5° is unknown although it 
could be the result of a crystalline additive or processing aid that was not completely 
dissolved during the bread making process.  
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Figure 8.4   XRD pattern from commercial white bread  
 
 
Figure 8.5 XRD pattern from commercial wholemeal bread  
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8.5   Resistant starch analysis of stored breads  
 
Samples analysed for RS contents using enzymatic analysis showed an increase in RS content 
upon storage at each temperature (Figure 8.6), with similar trends to those displayed in the 
crystallinity values determined by XRD (Figure 8.3). Interestingly, the bread stored at 4°C 
showed an increased rate of RS formation compared to the other storage temperatures, and 
the relative changes are similar to those of the crystallisation rates. These observations 
indicate that there is a link between RS content and total crystallinity as measured by XRD 
and that a proportion of the total crystalline content is due to RS formation.  
A recent study by Amaral, Guerreiro, Gomes, and Cravo (2016) investigated the variables 
affecting RS formation in white bread. They reported that RS content decreased after three 
days of storage and that RS formation was greatest when storage was at ambient temperature. 
Although, at first sight, these results may appear to be contradictory, they may easily be 
explained when variations in the formulations used are taken into account. For instance, 
Amaral et al. (2016) incorporated no additional lipid, which is not only known to delay 
retrogradation (Fadda et al., 2014) but may also contribute to RS formation (RS5) (Raigond, 
Ezekiel, & Raigond, 2015).  
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Figure 8.6   Changes in RS content of loaves during storage 
 
From a nutritional perspective, the advantages of a bread that is high in RS is clear, although 
impacts to the sensory attributes of breads having elevated levels of crystallised starch are 
recognised (Bosmans et al., 2013; Bosmans et al., 2014; Izadi Najafabadi, Le-Bail, Hamdami, 
Monteau, & Keramat, 2014). Bosmans et al. (2013) proposed that these sensory attributes are 
a result of amylopectin junction zones being able to trap relatively large amounts of free 
water inside the starch network. This ultimately reduces moisture migration from crumb to 
crust thereby increasing bread firmness and contributing to the undesired staling effect.  
 
8.6 Statistical analysis of RS contents and XRD result 
 
When the current data was evaluated by ANOVA, p-values for the influence of storage 
temperature and time on crystallinity were 0.000 and 0.000, respectively. In addition, RS 
content for time and temperature showed p values of 0.022 and 0.014, respectively. These 
indicate that both storage time and temperature have a highly significant effect on both the 
RS concentration and crystallinity values of bread. This strong relationship was confirmed 
with the results of Partial Least Squares analysis having a 96.7% fit for the model, with four 
latent variables (Figure 8.7). 
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Figure 8.7   The correlation of RS predicted from XRD data and RS analysed enzymatically 
 
Cross validation showed decreased fit levels, although more samples would need to be 
included to confidently test the usefulness of using XRD to predict RS content. Therefore, 
XRD has potential to be used as a method for prediction RS concentrations in bread which is 
much more efficient and economical than current methods. Additional experimentation 
involving a larger number of samples would be required to establish whether XRD can be 
used to reliably predict RS concentrations. 
Although no sensory or textural analyses were carried out during this current study, the 
strong correlations between RS formation and crystallinities (Figure 8.7) would indicate that 
bread high in RS would also have increased firmness characteristics. Further work might 
include sensory evaluations to investigate methods of enhancing RS concentrations in bread 
whilst maintaining acceptable sensory properties.  
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8.7   Summary of findings 
 
In the current study, it has been found that during the storage of baked loaves, the rate of 
formation of RS at various temperatures followed very similar trends to those of total 
crystallinity – this strongly indicates that starch retrogradation is influenced by temperature. 
A statistical correlation between these two variables has been demonstrated in this work. 
Storage at normal refrigeration temperatures enhanced RS formation and recrystallisation, 
more so than either storage at ambient or freezer temperatures; a shift in crystalline pattern 
from the A- to the B-type was also evident.  
RS when consumed has a wide range of health benefits and this work has shown that bread 
stored at refrigerator temperature has the greater potential to provide these benefits. In 
addition, it has now also shown that, compared with the traditional enzymatic method, XRD 
has the potential to provide a cheaper and faster method for RS concentration determination 
in bread.  
The findings of this work should be extended to identify strategies that further enhance RS 
concentrations in bread. It is recommended that the relationships between XRD patterns and 
RS concentration should be explored in finer detail, along with the impact of RS 
concentration enhancements on the sensory attributes of the bread.  
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Chapter 9 
Results and discussion 
The application of DSC for the gelatinisation properties of 
starches 
 
 
The purpose of this chapter is to present the results of using DSC to investigate the 
gelatinisation characteristics of various starches. Method optimisation is initially considered 
using wheat starch before being applied to a range of other starches from different botanical 
origins. The results then provide information for decision-making to be used in establishing 
conditions for annealing experiments. These are used as the basis for the studies of the wheat 
starch sample reported in the subsequent chapter of this thesis. 
 
9.1   Introduction 
 
DSC is commonly used within the food industry to observe thermal transitions in a wide 
variety of foods, thereby allowing researchers and food technologists to modify and enhance 
food production processes. The DSC technique is usually a comparative method in which 
heat is passing through two aluminium pans, one containing the sample and another acting as 
the reference that is most commonly empty. The rate of heat flow is predetermined by the 
user and is set at a constant rate, often with an initial isothermal period of several minutes at 
the start and at the end allowing the system to establish an equilibrium (Pomeranz & Meloan, 
2000).  
With DSC, both endothermic and exothermic events can be evaluated (Ross, 2012) and these 
are observed when there is a difference between heat flow for the reference and sample pans. 
Additional heat is then supplied so that the pans are again at the same temperature (Parada & 
Aguilera, 2011; Pomeranz & Meloan, 2000). The results of the DSC analysis is a graphical 
plot known as a thermogram depicting either the loss or gain of energy with a constant rate of 
temperature increase over time 
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During the current study, the resultant thermograms included calculated values for the peak 
temperature (C), onset (C), offset (C) and enthalpy (Jg-1) which were generated using Pyris 
software (Version 3.8) supplied by Perkin Elmer. Changes in heat flow are shown as peaks 
within the plot and the area under the curve is proportional to the energy (heat) absorbed or 
released by the system during the heating cycle (Parada & Aguilera, 2011).  
The significance of DSC when analysing starch is the ability to observe changes in 
gelatinisation processes (described in Section 6.1 of Chapter 2) which appears as endotherms 
(heat absorption) on subsequent thermograms. DSC is often used in conjunction with other 
analytical methods to observe gelatinisation including X-ray diffraction and rheological 
testing to form a complete story (Parada & Aguilera, 2011).  
Parameters and sample preparation used for DSC vary widely with current literature and 
there appears to be no widely accepted method. The approaches used during the current 
research are based on the work of Lee, Shanks, and Small (2005) who experimented with the 
effects of premixing the slurry, placement of sample in the pans, storage time and moisture 
content. For each sample, a starch slurry was prepared beforehand at a starch to water ratio of 
1:2 and details of the procedures can be found in Section 6.5 of Chapter 6). 
The primary aim of this current study was to determine in what temperature range the wheat 
starch sample (Sigma Aldrich) underwent gelatinisation and use this information in the 
decision making process for thermal treatments of the wheat starch in subsequent 
experimentation. For the initial phase of this work, it was hypothesised that slower heating 
conditions would reveal additional detail on the thermograms as compared with more rapid 
treatments. Accordingly, the influence of varying heating rates was investigated and the 
results analysed statistically. 
 
9.2   The influence of heating rate  
 
Based upon a thorough review of the literature, for DSC studies of starch, a temperature ramp 
of 10oC per minute appears to have been used most frequently (Chen et al., 2017; Isaka, 
Shibata, Osawa, Sugiyama, & Hagiwara, 2018; Przetaczek-Rożnowska et al., 2018; Yang, 
Feng, Sun, Xu, & Zhou, 2017) whilst 5oC (Alvarez-Ramirez, Vernon-Carter, Carrillo-Navas, 
& Meraz, 2018) and 2oC per minute have been reported far less frequently. In order to study 
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the influence of different heating rates when using DSC to analyse starch, the wheat starch 
sample was analysed with a Perkin-Elmer DSC 7 (Wellesley, U.S.A.). Three different 
treatments were selected (2, 5 and 10oC per minute) and in all cases the sample was analysed 
at least in triplicate. Samples were initially held at 20oC for 2 minutes and the final 
temperature was 95oC at which they were held for a further 2 minutes allowing for 
equilibrium to be achieved.  
The outcomes of these experiments are displayed in the subsequent thermograms showing the 
endotherms and tables demonstrating the thermal data and statistics (Figures 9.1to 9.6 & 
Tables 9.1 to 9.3). DSC analysis at a rate of 2oC per minute was the slowest ramp used and 
the thermograms are presented in Figures 9.1 and 9.2. In this study, for the purpose of clarity, 
two thermograms are displayed, one showing the overall graphical presentation and another 
emphasising the endotherm peak representing gelatinisation. Figure 9.1 shows a typical 
thermogram for that of cereal starches with a primary peak that initiates just above 50°C 
representing a loss in structure and crystallinity. The endotherm resolves at just above 60°C 
as moisture diminishes demonstrating that the gelatinisation process itself occurs over a 
temperature range, which is known to be the case for all starches. This is believed to be 
primarily a result of the diversity of granule sizes influencing the amount of energy (heat) 
required to penetrate the granules and hence fully gelatinise them. This is particularly evident 
in the case of wheat starch having both A and B granules as a result of the genetic bimodal 
distribution.  
The specific endotherm is presented in greater detail in Figure 9.2 and the plot has a small 
peaks and troughs in the form of “noise”, particularly after the peak gelatinisation 
temperature which occurs at around 57°C. 
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Figure 9.1   A typical DSC thermogram for wheat starch using a heating rate of 2oC per 
minute 
 
 
 
Figure 9.2   Enlarged image of an endotherm found on the thermogram from wheat starch 
run at a rate of 2oC per minute 
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Table 9.1   Summary of DSC results for wheat starch analysed using a rate of 2oC per 
minute  
 
Parameter Unit  Average  Standard deviation 
Onset °C 55.11 0.127 
Offset °C 60.31 0.284 
Peak °C 57.73 0.144 
Peak height J/g×°C 0.23 0.002 
Peak area J/g×°C×min 0.45 0.004 
ΔH J/g 0.91 0.009 
 
The thermograms presented by the temperature ramp of 5oC per minute (Figures 9.3 and 9.4) 
have much smoother curves than that of 2oC per minute (Figures 9.1 & 9.2). Small peaks are 
observed before and after peak gelatinisation (approximately 59oC, Table 9.2) although 
appear to be negligible in comparison. In contrast to 2oC per minute, the onset temperature is 
very similar, although both the peak and offset temperatures are slightly higher when 
analysed at a rate of 5oC per minute. The standard deviations for the onset, peak and offset 
temperatures (Table 9.2) are also higher than that when analysed at 2oC per minute indicating 
that at 5oC per minute data may be less reproducible.   
 
 
Chapter 9 
108 
 
Figure 9.3   A typical DSC thermogram for wheat starch that was run at a rate of 5oC per 
minute 
 
 
Figure 9.4   Enlarged image of an endotherm found on the thermogram from wheat starch 
run at a rate of 5oC per minute 
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Table 9.2   Summary of DSC results for wheat starch run at a rate of 5oC per minute  
Parameter Unit  Average  Standard deviation 
Onset °C 55.41 0.167 
Offset °C 62.72 0.328 
Peak °C 58.94 0.250 
Peak height J/g×°C 0.36 0.010 
Peak area J/g×°C×min 0.34 0.006 
ΔH J/g 1.71 0.029 
 
 
In the literature, DSC analysis of starch samples has been most commonly carried out at 10oC 
per minute and in the current study, the thermograms for the higher ramp rate provided the 
smoothest plots, in comparison to either 2oC and 5oC per minute. No minor peaks are 
observed either in the rising stage or during the decline of the endotherm, although some 
negligible curvatures are noticed (Figures 9.5 and 9.6). This degree of smoothness and overall 
presentability of the results might be the primary reason that 10oC appears to be the preferred 
choice for DSC analysis.  
Standard deviations for this heating rate (Table 9.3) are also comparatively lower indicating a 
higher degree of repeatability further supporting the selection of this for further analysis. In 
contrast to both 2oC and 5oC per minute, the onset temperatures is fairly consistent at a 
temperature of approximately 55oC, however, slight increases in the offset and peak 
temperatures are seen, similar to that of 5oC per minute. It is suggested that a trend may exist 
in that as scanning speed increases, increases in offset and peak temperatures are observed.   
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Figure 9.5   Typical DSC thermogram for wheat starch that was run at a rate of 10oC per 
minute 
 
 
 
 
Figure 9.6   Enlarged image of the endotherm found on the thermogram from wheat starch 
run at a rate of 10oC per minute 
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Table 9.3   Summary of DSC results for wheat starch run at a rate of 10oC per minute  
 
Parameter Unit  Average  Standard deviation 
Onset °C 55.47 0.107 
Offset °C 64.20 0.078 
Peak °C 60.21 0.171 
Peak height J/g×°C 0.41 0.009 
Peak area J/g×°C×min 0.19 0.004 
ΔH J/g 1.93 0.041 
 
 
9.3   Further statistical analysis of DSC results comparing heating rates 
This data analysis was carried out using IBM SPSS software where both a one-way ANOVA 
and post-hoc Tukey’s test were applied. The associated p-values are presented in Tables 9.4 
and 9.5, comparing temperature ramps of 2, 5 and 10oC per minute. All p-values are lower 
than 0.05 showing that there is a significant difference in the all of the variables measured.  
 
Table 9.4   Results of one-way ANOVA of the DSC parameters 
 
   
Parameter p-value 
Onset <0.001 
Offset  <0.001 
Peak  <0.001 
Peak height  <0.001 
Peak area  <0.001 
ΔH <0.001 
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Table 9.5   Results of post-hoc Tukey’s test  
 
Parameter  Temperature ramp Comparison  p-value  
Onset 2 deg/min 5 deg/min 0.056 
  10 deg/min <0.001 
 5 deg/min 2 deg/min 0.056 
  10 deg/min <0.001 
 10 deg/min 2 deg/min <0.001 
  5 deg/min <0.001 
Offset 2 deg/min 5 deg/min <0.001 
  10 deg/min <0.001 
 5 deg/min 2 deg/min <0.001 
  10 deg/min <0.001 
 10 deg/min 2 deg/min <0.001 
  5 deg/min <0.001 
Peak 2 deg/min 5 deg/min <0.001 
  10 deg/min <0.001 
 5 deg/min 2 deg/min <0.001 
  10 deg/min <0.001 
 10 deg/min 2 deg/min <0.001 
  5 deg/min <0.001 
Peak height 2 deg/min 5 deg/min <0.001 
  10 deg/min <0.001 
 5 deg/min 2 deg/min <0.001 
  10 deg/min <0.001 
 10 deg/min 2 deg/min <0.001 
  5 deg/min <0.001 
Peak area 2 deg/min 5 deg/min <0.001 
  10 deg/min <0.001 
 5 deg/min 2 deg/min <0.001 
  10 deg/min <0.001 
 10 deg/min 2 deg/min <0.001 
  5 deg/min <0.001 
ΔH 2 deg/min 5 deg/min <0.001 
  10 deg/min <0.001 
 5 deg/min 2 deg/min <0.001 
  10 deg/min <0.001 
 10 deg/min 2 deg/min <0.001 
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After the one-way ANOVA was completed it was decided that a post-hoc Tukey’s test would 
be suitable to determine where the specific differences lie between the variables and the 
temperature ramps. The data presented in Table 9.5 shows the outcomes of this analysis and 
establishes that there is a significant difference in almost every parameter with two 
exceptions with the onset temperatures.  
 
9.4   Discussion and conclusions regarding the method for DSC analysis 
 
During the investigation of procedures for DSC using wheat starch, three different rates of 
temperature increase were compared. It was observed that as the rate was increased, so did 
both the offset and peak temperatures for gelatinisation. A temperature ramp of 10oC per 
minute was selected as the optimal method both in terms of thermogram readability and data 
reproducibility.  
While very clear statistical differences were noticed between the different rates of heating 
during DSC analysis, these differences reflect little practical significance as the aim was to 
determine the range at which the wheat starch underwent gelatinisation. This can be readily 
achieved using a heating rate of 10oC per minute and this has subsequently provided vital 
information when deciding parameters for subsequent starch treatments (Chapter 10).  
 
9.5   Thermal characterisation of a selection of other starches 
Following the investigation and optimisation of the method using the Perkin Elmer DSC-7, 
the same approach and temperature ramp was then applied to starch sourced from potato, 
corn, rice, tapioca and mung bean. The respective thermograms are now presented and 
discussed.  
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9.5.1   DSC results for potato starch  
The thermograms for the potato starch sample are shown in Figures 9.7 and 9.8 and the data 
summarised in Table 9.6. 
 
 
 
Figure 9.7   Typical DSC thermogram for potato starch that was run at a rate of 10oC per 
minute 
 
 
Figure 9.8   Enlarged image of the endotherm found on the thermogram from potato starch 
run at a rate of 10oC per minute 
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Table 9.6   Summary of DSC results for potato starch run at a rate of 10oC per minute 
 
Parameter Unit  Average  Standard deviation 
Onset °C 60.55 0.383 
Offset °C 66.59 0.306 
Peak °C 62.55 0.190 
Peak height J/g×°C 0.74 0.159 
Peak area J/g×°C×min 0.26 0.085 
ΔH J/g 2.56 0.857 
 
When analysed by DSC, potato starch showed with a smooth endotherm (Figure 9.7) and an 
overall gelatinisation temperature range higher than that of wheat starch. The onset 
temperature was 60.55oC, whilst the offset was 66.59oC with a peak at 62.55oC (Table 9.6).  
Sun et al. (2017) observed native potato starch having a much wider gelatinisation range from 
58.7oC to 72.8oC. C. Wang, Tang, Fu, Huang, and Zhang (2016) found that their native 
potato starch had a higher onset (63.45oC) and off set (79.73oC), though a similar 
gelatinisation range overall. Thermal characteristics are influenced by a number of properties 
including branch chain length distribution of amylopectin, the degree and crystal form (C. 
Wang et al., 2016) as well as growth and environmental conditions.  
The potato starch analysed in the current study was grown and processed in Australia whilst 
in the reports of others  C. Wang et al. (2016) and Sun et al. (2017) the samples were sourced 
from China and even when comparing the data for those, large differences were observed. 
Leonel, Carmo, Fernandes, Franco, and Soratto (2016) conducted a rather comprehensive 
study on the effects of phosphorus (P) concentration on the physicochemical properties of 
starch from five different varieties of potatoes grown in Brazil. Large thermal differences 
were observed not only between the varieties but also at different growth concentrations of 
phosphorus. The onset temperatures ranged from 60.43oC to 63.80oC, the offset from 64.50oC 
to 70.63oC and the peak temperature from 61.00oC to 66.60oC highlighting the variability of 
thermal properties of starch between sources and when the availability of only one mineral is 
altered. They also proposed that one of the other driving factors in the thermal properties of 
starch is the proportion of amylose, as the crystalline regions are primarily composed of 
amylopectin. Hence, starches with higher amylose concentrations might be expected to have 
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regions with lower temperatures at which gelatinisation occurs as a function of less energy 
being required to melt these particular internal parts of the granules.  
Another factor known to affect the range of temperatures over which gelatinisation occurs in 
potatoes is the ratio of larger to smaller granules. Singh and Kaur (2004) found that larger 
granules gelatinised at higher temperatures compared to smaller granules and suggested that 
this was influenced by the smaller granules having higher concentrations of phospholipids.  
C. Wang et al. (2016) suggested that starches possessing the B-type crystal (potato and other 
tubers) require less energy (lower enthalpies) for gelatinisation compared to starches with A-
type characteristics. The unit cell for the B-type is more hydrated (36 water molecules) than 
the A-type (4 water molecules) increasing mobility and therefore reducing the amount of 
energy required for gelatinisation.   
 
9.5.2   DSC results for corn starch  
The sample of corn starch showed relatively smooth thermograms with little “noise” either 
before or after the primary peak (Figures 9.9 and 9.10). Data extracted from the thermogram 
(Table 9.7) demonstrates good repeatability and an endotherm that initiates at 64.02°C and 
completes at 72.71°C. The results presented by other researchers are at variance with these 
current findings with Martínez-Sanz, Fabra, G. Gómez-Mascaraque, and López-Rubio (2018) 
finding a small gelatinisation range from 62 to 67°C. On the other hand, W. Wang et al. 
(2017) reported a similar range to that found in the current study although the temperatures 
were higher ranging from 71 - 82°C again highlighting that there are inconsistencies within 
the literature and these may reflect variations in moisture content during sample preparation 
as well as instrumental variables.  
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Figure 9.9   Typical DSC thermogram for corn starch analysed at a rate of 10oC per minute 
 
 
 
Figure 9.10   Enlarged image of the endotherm found on the thermogram from corn starch 
run at a rate of 10oC per minute 
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Table 9.7   Summary of DSC results for corn starch run at a rate of 10oC per minute 
 
Parameter Unit  Average  Standard deviation 
Onset °C 64.02 0.091 
Offset °C 72.71 0.012 
Peak °C 68.70 0.005 
Peak height J/g×°C 0.46 0.003 
Peak area J/g×°C×min 0.25 0.001 
ΔH J/g 2.54 0.006 
 
 
9.5.3   DSC results for rice starch 
Relatively smooth endotherms were observed for rice starch (Figures 9.11 and 9.12) having a 
gelatinisation range from 65.49°C to 71.36°C (Table 9.8). In the literature, wide variation has 
been observed for the thermal characteristics of rice starch where Banchathanakij and 
Suphantharika (2009) reported a very different gelatinisation range from 72°C to 80°C. In 
this case their onset temperature was closer to that of the offset obtained in the current study. 
Native rice starch may possess varying proportions of amylose to amylopectin, given the 
range of genotypes and the varying demands of consumers across the regions and countries of 
the globe. da Rosa Zavareze et al. (2012) investigated the thermal properties of rice starches 
with varying amylose content. They found the onset ranged from 56°C to 58°C and the offset 
ranged from 70°C to 71°C, depending on the amylose content.  
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Figure 9.11   Typical DSC thermogram for rice starch that was run at a rate of 10oC per 
minute 
 
 
 
Figure 9.12   Enlarged image of the endotherm found on the thermogram from rice starch run 
at a rate of 10oC per minute 
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Table 9.8   Summary of DSC results for rice starch run at a rate of 10oC per minute 
 
Parameter Unit  Average  Standard deviation 
Onset °C 65.49 0.616 
Offset °C 71.36 0.649 
Peak °C 68.45 0.293 
Peak height J/g×°C 0.35 0.064 
Peak area J/g×°C×min 0.14 0.049 
ΔH J/g 1.39 0.486 
 
 
9.5.4   DSC results for tapioca starch 
The typical thermogram obtained during the analysis of tapioca starch (Figure 9.13) in 
comparison with those of other starches, is one of the less consistent and smooth in terms of 
heat flow resulting in a pattern of small waves being evident in the endotherm (Figure 9.14). 
Regarding the gelatinisation properties (Table 9.9), Jyothi, Sasikiran, Sajeev, Revamma, and 
Moorthy (2005) reported a similar onset temperature of around 72°C for tapioca starch 
although a larger gelatinisation range which extended to 76°C. Hornung, de Oliveira, 
Lazzarotto, da Silveira Lazzarotto, and Schnitzler (2015) observed tapioca starch gelatinise 
over a range of temperatures that was much lower, from 59°C to 70°C. One of the primary 
differences here that may explain the variation is that, although in both studies the starches 
were sourced commercially, Jyothi et al. (2005) obtained theirs from India whilst Hornung et 
al. (2015) procured the test material in Brazil. In addition to this, the lapses in time between 
studies may also affect thermal properties if there were unusual seasonal conditions involved.  
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Figure 9.13   Typical DSC thermogram for tapioca starch that was run at a rate of 10oC per 
minute 
 
 
Figure 9.14   Enlarged image of the endotherm found on the thermogram from tapioca starch 
run at a rate of 10oC per minute 
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Table 9.9   Summary of DSC results for  tapioca starch run at a rate of 10oC per minute 
 
Parameter Unit  Average  Standard deviation 
Onset °C 63.88 0.586 
Offset °C 72.33 0.469 
Peak °C 67.43 0.378 
Peak height J/g×°C 0.50 0.018 
Peak area J/g×°C×min 0.25 0.003 
ΔH J/g 2.54 0.024 
 
 
9.5.5   DSC results for mung bean starch 
 
Mung bean starch consistently showed an overall endotherm that was smooth (Figures 9.15 
and 9.16) having a gelatinisation range from 67.89 to 73.26°C which was higher than the 
other analysed starches in this current study, although also having less repeatability (Table 
9.10). Little data is available on the thermal characterisation of starch sourced from mung 
beans, although a recent study by Gunaratne et al. (2018) investigated four different cultivars 
of mung bean in Sri Lanka. They found that onset temperatures were similar to those found in 
this current study although the endotherms usually concluded around 88°C, much higher than 
what was observed here. In the previous report, XRD was not conducted and it is now 
recommended that additional research is warranted as it remains unclear as to what XRD 
pattern mung bean starch possesses. Future work could look at the starch from this source as 
the crystallinity patterns are likely to provide valuable insights into the thermal and other 
unusual properties of this starch. It is also noted here that, based on work carried out on 
tapioca starch, if there are any non-starch components remaining in the starch fraction 
following the extraction and separation procedures, then this may reduce the gelatinisation 
range (Defloor, Dehing, & Delcour, 1998).  
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Figure 9.15   DSC thermogram for mung bean  starch that was run at a rate of 10oC per 
minute 
 
 
Figure 9.16   Enlarged image of the endotherm found on the thermogram from mung bean  
starch run at a rate of 10oC per minute 
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Table 9.10   Summary of DSC results for mung bean  starch run at a rate of 10oC per minute 
 
Parameter Unit  Average  Standard deviation 
Onset °C 67.89 3.505 
Offset °C 73.26 1.428 
Peak °C 70.78 1.855 
Peak height J/g×°C 0.52 0.098 
Peak area J/g×°C×min 0.17 0.032 
ΔH J/g 1.69 0.325 
 
 
9.6   Overall summary of thermal properties of starches 
 
In the phase of this research reported in this chapter, a range of commercial starches were 
analysed using DSC to determine and contrast their thermal properties. The practically 
applicable parameters of the commercial starches are presented in Table 9.11, with wheat 
starch having comparatively the lowest onset temperature and mung bean the highest. 
Variations were also seen in the level of repeatability achieved for the different starches. That 
from wheat, corn and potato had relatively repeatable results compared to mung bean, rice 
and tapioca. In addition, when the data were compared to values in the literature, even greater 
variation was observed. It appears that a number of factors, including country of origin, 
seasonality, environmental conditions as well as method of extraction and processing may 
strongly affect thermal properties of starch.  
In the context of the current objectives of investigating the factors influencing formation of 
RS, the DSC studies have established a reliable, repeatable method for analysing wheat starch 
along with the conditions resulting in gelatinisation. These then form the basis for the 
subsequent phase of this study which is described in Chapter 10. 
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Figure 9.11   Comparison of commercial starches in order of increasing onset temperature for gelatinisation  
 
Parameter Wheat  Potato  Tapioca  Corn  Rice  Mung bean  
Onset (°C) 55.47±0.05 60.55±0.22 63.88±0.34 64.02±0.05 65.49±0.36 67.89±2.02 
Peak (°C) 60.21±0.09 62.55±0.11 67.43±0.22 68.70±0.00 68.45±0.17 70.78±0.82 
Offset (°C) 64.20±0.04 66.59±0.18 72.33±0.27 72.71±0.01 71.36±0.38 73.26±1.07 
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Chapter 10 
Results and discussion 
Resistant starch formation during hydrothermal treatments of 
wheat starch  
 
10.1   Introduction  
From a food processing perspective, native starches already have a range of functional 
properties and characteristics as a result of the genotypic variations both between and within 
species. However there is now a large body of research in which modification of starch has 
been achieved by applying physical, chemical or enzymatic approaches. The use of different 
conditions and modifications has enabled a wider range of functional properties of the 
polymer and hence additional uses in food processing. Modifications to starch have the 
potential to alter a range of properties including swelling power, solubility, pasting strength, 
gelation, granule morphology, crystallinity, gelatinisation as well as enzymatic and acidic 
hydrolytic susceptibility. It is evident that the alterations of starch due to hydrothermal 
treatments are quite broad and have potential advantages both for food processing and 
nutrition (Copeland, Blazek, Salman, & Tang, 2009; Ross, 2012).  
Hydrothermal treatments of starch may be regarded as physical modifications and two 
examples of these are HMT and annealing. These have been the primary focus of the 
investigations reported in this chapter. Based upon the limited number of reports in the recent 
literature, these two hydrothermal processes may be capable of altering the physicochemical 
properties of starch granules, by thermal means, without inducing complete gelatinisation and 
hence destroying the granular structure. Therefore, with starch modifications using heat-
moisture treatments and annealing, moisture content, temperature and duration of incubation 
treatment need to be strictly controlled. Both of these appear to effect the re-arrangement of 
starch molecules within the granule. This then influences subsequent applications, however 
the processing parameters differ as does the mechanism by which the outcome is achieved 
(Zavareze & Dias, 2011).  
Heat-moisture treatments of starch involve low concentrations of moisture, usually between 
10 – 30% and processing at high temperatures between 90 - 120oC. The variation in the 
incubation time is rather large ranging from as little as 15 minutes up to 16 hours and this is 
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likely to have a large effect on the economic viability of large scale manufacturing processes. 
Although there have been studies of such treatments of some starches, to date little has been 
conducted with wheat starch. Despite the fact that HMT of starch involves temperatures 
exceeding that of the glass transition temperature as well as that normally required for 
gelatinisation, this does not occur due to the limited moisture content, as an excess of water is 
required for gelatinisation (Zavareze & Dias, 2011).  
On the other hand, the annealing of starch requires an excess of water ranging from a starch 
to water ratio of 1:2 up to 1:10 for an extended period of time, usually between 12 and 72 
hours. Gelatinisation is prevented as the incubation temperature is below that of the 
gelatinisation point, which is reported to vary from source to source of starch (Zavareze & 
Dias, 2011).  
Following a review of the literature (Chapter 4, Section 1) it was decided that wheat starch 
samples would be exposed to a single HMT at 100°C for 16 hours at a moisture concentration 
of 20%, effectively producing a paste. The annealed starch samples were made to a 
starch:buffer ratio of 1:2 and incubated at 50°C for either 6, 24 or 48 hours. The annealed 
samples were allowed to equilibrate overnight at room temperature prior to incubation and all 
hydrothermally treated starches, including HMT, were freeze dried and stored below -18°C 
until analysis took place. The specific conditions for both HMT and annealing were selected 
based on promising work already conducted by a range of authors with other starches as 
reviewed by Zavareze and Dias (2011).  
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10.2.1   Impact of hydrothermal treatments on granule morphology  
 
One of the primary principles behind hydrothermally treating starches, whether it be through 
annealing or HMT, is the avoidance and prevention of complete gelatinisation. The initial 
phases of gelatinisation will occur, including the swelling of the granule, although it is 
expected that the final phase in which amylose is expelled should not be reached. This 
partial-gelatinisation is due to either a constraint of either temperature or moisture content 
depending on the hydrothermal treatment. This is done to maintain the structural integrity of 
the granule which is thought to have more of a controlled modification of the internal 
hierarchy. It is well understood that the first few stages of gelatinisation are reversible and 
that it would therefore be expected that starch granules when observed through SEM have 
similar external structural and morphological properties when compared to that of the native 
starch. Figures 10.1 demonstrates morphological comparisons between native wheat starch 
and the hydrothermally treated samples.  
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a.                                                                                   b.                                                                                   c.                                      
 
 
 
 
 
Figure 10.1    SEM micrographs of native (a), (b) heat-moisture treated and (c) annealed wheat starch  
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Largely, this is what was observed with both the annealed and heat-moisture treated starches 
showing no changes in size, shape or degree of agglomeration when compared to the native 
sample (Figure 10.1). Hydrothermally treated starches maintained a spherical shape some of 
which have a flattened appearance with both the A and B granules being present. For heat-
moisture treated starches this is consistent with that of potato, taro, yam, cassava, (Gunaratne 
& Hoover, 2002) maize (Hoover & Manuel, 1996) and rice (Khunae, Tran, & Sirivongpaisal, 
2007).  Similar findings have also been observed for annealed starches such as wheat, oat, 
lentil, potato (Hoover & Manuel, 1996) and yam (Jayakody, Hoover, Liu, & Donner, 2009).  
The proportion of amylose to amylopectin appears to have an effect on how starch granules 
perform during hydrothermal treatments with Kiseleva et al. (2005) finding that waxy and 
high amylose wheat starches are deformed after annealing. Dias, da Rosa Zavareze, Spier, de 
Castro, and Gutkoski (2010) found that annealed waxy rice starch presented with pores on the 
surface and an increase in agglomeration. In both the annealed and heat-moisture treated 
wheat samples (Figure 10.1) an increase in porosity is observed although the degree of 
agglomeration appears to be consistent with the native wheat sample. Results of increased 
porosity have also been seen by Waduge, Hoover, Vasanthan, Gao, and Li (2006) in barley 
starch which may be more comparable to that of wheat starch given the bimodal granule 
distribution. When water ingests into starch granules it primarily diffuses through amorphous 
regions and therefore is determined by the amylose to amylopectin ratio. Ultimately this also 
therefore effects any changes to the internal structure of the granule that happens during the 
hydrothermal processes.  
 
10.2.2   Impact of hydrothermal treatments on starch crystallinity  
 
XRD was a widely used analytical technique through the current study and was employed to 
analyse these hydrothermally treated starches to observe any shifts in crystalline forms as 
well as changes in overall crystallinity. Findings from XRD should support and backup 
results obtained from other methods used in this chapter including NMR. Figures 10.2 to 10.5 
present the findings from XRD analysis of both the annealed and HMT samples.  
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Figure 10.2    XRD diffractogram for native wheat starch  
 
 
 
Figure 10.3    XRD diffractogram for heat-moisture treated wheat starch  
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Figure 10.4    XRD diffractogram for annealed wheat starch  
 
 
Figure 10.5   Total crystallinities of the native and hydrothermally treated wheat starch 
samples 
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The diffractogram for native wheat starch (Figure 10.2) displays strong peaks at 15o, 23o and 
a double peak present at 17o and 18o demonstrating the characteristic and expected A-type 
crystal for wheat starch and most other cereals alike (Chen, He, Fu, & Huang, 2015). These 
peaks characteristic of the A-type pattern are also seen in both the HMT and annealed wheat 
starches (Figures 10.3 and 10.4) indicating that both hydrothermal treatments resulted in 
relatively little crystalline shift. Similar results have also been observed in other starches 
including buckwheat (H. Liu et al., 2015), rice (Hung, Vien, & Lan Phi, 2016) and coix seed 
(X. Liu et al., 2016). This may however, depend on the original crystalline type of the starch 
with Xia, Li, and Gao (2016) observing sweet potato starch converting from the C-type to the 
A-type after heat-moisture treatments. The relative intensities of these peaks are also seen to 
increase upon thermal treatments, particularly more so in annealing. This is supported by 
increases in total crystallinities in both cases, after the hydrothermal treatments consistent 
with there being an internal granular restructure.  
Available literature relating crystallinity analyses to the application of hydrothermal 
treatments is highly contradictory. In addition, there appears to be more relating to heat-
moisture treatments, with little available on the effects of annealing. With respect to heat-
moisture treatments, Hung et al. (2016) saw an increase in crystallinity for rice starch, Xia et 
al. (2016) observed a decrease with sweet potato starch whilst X. Liu et al. (2016) saw both 
increases and decreases in crystallinity with starch from coix seed. Chen et al. (2015) 
conducted a study with wheat starch and suggested that crystallinity is dependent upon the 
moisture content. They observed an initial increase in crystallinity followed by a decrease, as 
moisture content of heat-moisture treatments increased, implying both destruction and 
rearrangement of the granules occurring simultaneously. H. Liu et al. (2015) saw increases in 
crystallinity in buckwheat when exposed to both annealing and heat-moisture treatments and 
proposed that this rearrangement might be due to an increase in crystalline size and overall 
orientation.  
It is also seen that the annealed starch (Figure 10.4) has an additional intensity at around 7.5o, 
which was also seen by Chen et al. (2015) and reported to be the formation of  amylose-lipid 
complexes, corresponding to RS5. Most literature to date reports few appearances of peaks 
below 10o with the exception of the B-type crystals producing a single peak at around 5o. The 
appearance of RS5 is shown in XRD patterns with the development of peaks at 2θ angles of 
13o and 20o (Hung et al., 2016), so additional research would be required in order to elucidate 
the significance of this peak at 7.5o.  
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10.2.3   Influence of hydrothermal treatments on resistant starch content  
 
Shin, Kim, Ha, Lee, and Moon (2005) suggested that applying hydrothermal procedures to 
starches, either annealing or heat-moisture treatments, can increase RS concentrations or 
nearly double the amount of SDS present. In the present research (Figure 10.6), annealing 
was seen to increase compared to that of the native starch whilst the heat-moisture treated 
starch decreased in RS, though this may be a function of limited repeatability as a number of 
authors have seen increases in RS  (Brumovsky & Thompson, 2001; Chung, Liu, & Hoover, 
2009). Brumovsky and Thompson (2001) reported that the potential for RS formation with 
hydrothermal treatments depends heavily on the amylose content of the starch. They exposed 
high amylose corn starch to annealing and observed a 53% increase in RS. However, Chung, 
Liu, and Hoover (2010) saw decreases in RS in starch sourced from peas, lentils and navy 
beans. Given that both annealing and heat-moisture treatments are designed to prevent 
gelatinisation any increases in RS cannot be related to retrogradation (RS3) but rather a 
molecular, physical reorganisation of the granule (Zavareze & Dias, 2011). 
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Figure 10.6   Resistant starch content of the thermally treated starches  
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10.3   Extended annealing parameters  
 
Based on the studies described so far on wheat starch in this chapter, annealing has shown 
greater potential to enhance the concentration of RS for wheat starch. Therefore it was 
decided that additional times for annealing incubation would be compared in order to observe 
what might be influencing this increase in RS content. For this, native wheat starch was 
prepared in the same way as in the previous experiment and the times of incubation selected 
for investigation were 6, 24 and 48 hours. The proposed hypothesis is that as the annealing 
time is increased, the degree of internal granular rearrangement will also increase hence also 
having a positive correlation with RS concentration.  
 
10.3.1   Effect of annealing on granule morphology and resistant starch  
 
 
As seen in the initial hydrothermal treatments (Figures 10.1a to c) gelatinisation did not take 
place and that is what was expected and observed when the annealing times were extended 
(Figures 10.7a to c). Granular integrity is maintained including granule size, shape and the 
lack of surface cracks forming which would indicate that the initial stages of gelatinisation 
had occurred. Pores are present indicating water intake affecting the arrangement of amylose 
and amylopectin components and, in addition, granular surfaces appear to be somewhat 
rougher in nature. This may be beneficial from a prebiotic point of view as Zhang, Wang, 
Zheng, Lu, and Zhuang (2013) have suggested that these surface characteristics could be 
linked to enhanced bacterial fermentation.  
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a.                                                                            b                                                                               c.  
 
 
Figure 10.7   SEM micrographs of wheat starch annealed for varying periods corresponding to 6(a), 24(b) and 48(c) hours 
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Although a positive linear trend between annealing incubation time and RS content is not 
clear (Figure 10.8), all annealed samples presented with higher RS concentrations when 
compared to the native starch with the 48 hour sample (longest incubation time) having the 
largest RS increase. It is proposed that these increased in RS are a direct result of internal 
granular rearrangements resulting in additional intermolecular bonding.  
 
 
 
 
Figure 10.8   RS concentrations of annealed wheat starches as a result of increasing periods 
of treatment
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It has been established in this study that annealing allows water movement within the starch 
granule and this corresponds with an associated increase in RS concentrations. Accordingly, 
it was decided that a range of analytical methods would be applied to understand how the 
internal granular structure is changing and affecting the RS content. The analytical 
procedures selected were XRD for total crystallinity, an enzymatic method to determine the 
proportion of amylose to amylopectin and NMR to observe changes in branching points 
within the starch molecules.  
As expected, crystallinity is seen to increase as the annealing time increases (Figure 10.9) 
confirming that a rearrangement is taking place within the granules. Few previous studies 
actually propose a reason or mechanism for this increase in crystallinity and the 
corresponding changes in RS as well, with most simply referring to this as a reorganisation.  
 
 
Figure 10.9   Total crystallinities of wheat starches after annealing for varying periods 
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10.3.2   Effect of annealing on internal granular properties  
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Using a kit based upon the use of Con A as a complexing agent combined with enzymatic 
reagents (Megazyme, Ireland) the relative proportion of amylose was determined (Figure 
10.10) and as the annealing time increased, gradual increases in the amylose content were 
also observed. Whilst there appears to be a trend of increasing amylose, the repeatabliity of 
the results was low, despite many attempts to increase the precision of the results. 
 
This evidence indicates that branch points may be breaking apart in the amylopectin portion 
resulting in more linear, straight chains of starch. This could result in a greater potential for 
chains to crystallise (Figure 10.9) and hence an enhanced RS concentration as a result. On 
this basis it was decided to analyse samples using NMR to determine the proportion of 
branching points, which would be expected to decrease along with an increase in amylose 
content.  
 
 
Figure 10.10   Changes in proportions of amylose in annealed wheat starches  
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NMR analysis of starch has been conducted since the 1990s with Nilsson, Gorton, Bergquist, 
and Nilsson (1996) being one of the first groups to look at the degree of branching in starch 
using NMR. Despite varied success with this approach, relatively few studies have been 
conducted since then utilising NMR to analyse internal changes to starch granules. The 
α(1→4), linear bond appears at around 5.9ppm whilst the α(1→6), branching bond appears at 
around 5.4ppm (Fuentes et al., 2016). These peaks can been seen in Figure 10.11 which 
displays a characteristic spectrum expected for that of wheat starch. It is noted that the large 
peak at 4.7ppm represents the solvent used for purging prior to injection, which in this case is 
D2O.  
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Figure 10.11   A typical NMR spectrum from native wheat starch  
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In order to provide a basis of comparison for the NMR analysis, waxy and native varieties of 
both maize and rice starch were analysed on the expectation that the native forms should have 
lower proportions of the α(1→6) bonds in comparison to the waxy form. This is what was 
observed and is shown in Figure 10.12. The majority of these branching points would be 
from the amylopectin portion of the starch, with little contribution from amylose. Little data 
is available in the literature allowing comparisons, although Fuentes et al. (2016) recently 
reported that the degree of branching in native wheat starch was approximately 3.6%.  
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Figure 10.12   Degrees of branching from a variety of different starches 
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Supporting the increase in amylose content, decreases in the occurance of branching points 
are also seen (Figure 10.13). So we propose that the uptake of water into the starch granules, 
without gelatinisation, results in an increase in crystallinity as a fuction of loss of branching 
points and hence resulting in increses in the amount of linear starch chains present. In 
addition, limited repeatability is seen in the NMR analysed samples (Figure 10.13) and is 
likely a function of sample preparation. Prior to injection after the last solvent purge it was 
observed that the sample was not competely dissolved and as such not uniformly suspended 
in solution. As a result, samples were vigorously shaken before quickly being injected into 
the NMR. In this study purging was done with a combination of D2O and D-DMSO whilst 
other studies haven’t used a combination, some have used dueterated-trifluoroacetic acid 
(Tizzotti, Sweedman, Tang, Schaefer, & Gilbert, 2011) whilst others have employed toluene 
(Schmitz, Dona, Castignolles, Gilbert, & Gaborieau, 2009). In addition to the solvent used, 
varying times of purging and freeze drying were also used in the above studies further 
limiting the comparability of the results of these various studies with the current data.  
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Figure 10.13   Changes in degree of branching during annealing of wheat starch 
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In conclusion, despite various challenges associated with the analytical techniques, the 
current study provides evidence that RS contents of starch sourced from wheat can be 
increased using hydrothermal treatments. Annealing treatments resulted in greater increases 
in RS than heat-moisture treatments. 
 
Additional annealing analyses were applied to observe what mechanism be causing these 
observations. It was determined that increases in RS due to annealing were a result of a clear 
increase in overall starch crystallinity, and theat there were corresponding affectes upon 
granule shape as seen in by SEM. The cause of this increased crystallinity appeared to be 
related to a decrease in branching points and subsequent increase in amylose content. 
Repeatability is an issue with some methods of analysis, and so additional research is 
required and recommended in order to evaluate and apply alternative approaches and 
procedures so that our understanding of annealing of starch granules can be further advanced 
and consolidated.  
 
 
10.4   Overall summary of knowledge  
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Chapter 11 
General discussions and conclusions  
 
 
The purpose of this chapter is to summarise the results obtained during the current study, 
draw final conclusions and make recommendations for future research into the potential for 
starch from wheat to become a viable source of RS. 
 
11.1   Introduction  
 
A survey of the literature conducted in the initial stages of this project revealed that:  
1. A large amount of research exists around the physicochemical properties and related 
applications of wheat starch;  
2. RS provides a number of well-established health benefits to the consumer; and   
3. Little research had been done on the formation of RS from wheaten starch. Most 
literature reports on RS formation from rice, maize and a number of relatively 
uncommon starches that are not currently manufactured in large quantities. 
Therefore, this identified a clear gap in the literature on the potential for RS to form from 
starch sourced from wheat and this was the basis for the investigations that have taken place 
in this study.  
The results presented and described in this thesis fall into three broad areas:  
1.  Structural and thermal characterisation of wheat starch in comparison to other starch 
sources; 
2. Analysis of RS formation in a model bread system; and 
3. The enhancement of RS contents in wheat when exposed to hydrothermal treatments. 
The results of each of these phases are now reviewed as a basis for presenting the primary 
conclusions for this project and a discussion of areas recommended for further research. 
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11.2   Studies for the characterisation of starch 
 
In addition to wheat starch, potato, rice, corn, tapioca and mung bean starch were 
characterised using a range of instruments including SEM and XRD. SEM micrographs of the 
native starches produced a range of granule shapes and sizes that were similar to those 
previously described in the literature. XRD analysis of the native starches produced expected 
patterns where rice, corn, tapioca and wheat possessed the A-type, potato produced the B-
type and mung bean  possessed the C-type.  
 
11.3   The formation of RS in a model bread system  
 
In order to evaluate the potential for RS to form, a popular wheaten product, loaves of bread 
were prepared under carefully controlled laboratory conditions. These were then stored at 
room, refrigeration or frozen temperature to observe the effects on RS formation. It was 
established that there was a strong correlation between RS formation and XRD patterns 
(R2=0.967) where these two parameters followed very similar increases over time, which is 
shown in Figures 11.1 and 11.2. From this a predictive model was developed using XRD to 
categorise RS concentrations in bread, which may provide a faster, more efficient method in 
comparison to current enzymatic analyses. In addition, a fast, reliable method for XRD 
analysis of bread was also developed from this study.  
Both total crystallinity and RS increased the most when the bread loaves were stored at 
refrigeration temperatures and a crystalline shift was also observed from the A-type to the B-
type over time.  
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Figure 11.1   Total crystallinity of bread samples during extended storage at selected 
temperatures 
 
 
Figure 11.2   Changes in RS content of loaves during storage 
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11.4   Hydrothermal treatment of wheat starch 
 
In this study, starch from wheat was exposed to annealing and heat-moisture treatments, both 
of which caused changes to the internal granular structure without gelatinisation occurring. 
Overall, annealing showed greater potential for RS formation and therefore further 
investigation was done around the effects of this hydrothermal process. A general trend of 
increased RS concentrations was associated with an increase in overall crystallinity and a 
decrease in both amylopectin content and degree of branching. Based upon the application of 
a diverse range of analytical methods, a proposed model has been developed and in this, 
annealing allows starch recrystallisation, without retrogradation, involving a loss of 
branching points within the structure and hence greater potential for intermolecular forces.  
 
11.5   Major conclusions  
 
The final conclusions of this study are summarised here:  
1. Different sources of starch possess different structural properties where a range of 
internal characteristics affect granule morphology  
2. The characterisation of starches using XRD is a very useful method to observe internal 
crystalline changes in starch granules although exceptions to the general rules are 
present, particularly involving the B and C-type starches.  
3. Starch crystallisation within a model bread system is affected by storage conditions with 
refrigeration temperature accelerating retrogradation the most.  
4. An effective method for the analysis of bread samples using XRD was developed where 
the crystallinities were significantly correlated with RS (R2=0.967). Therefore, XRD has 
the potential to provide a fast, economical method for RS predictions compared to 
procedures based on enzymatic digestion of samples.  
5. The temperature rate at which starch samples are analysed using DSC affects 
repeatability of the data and the overall readability of the endotherms. A rate of 10C per 
minute was found to be the most appropriate for the thermal analysis of starches.  
6. A range of factors appear to have a strong effect on the thermal characteristics of native 
starches. The resultant variability makes it difficult to compare experimental data and 
that in the scientific literature.  
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7. The results of the current study demonstrate that wheat starch is affected by 
hydrothermal treatments in different ways when compared to other starches. This extends 
to changes in both crystallinity and RS concentrations.  
8. Annealing produced starches with larger amounts of RS than heat-moisture treatments.  
9. A model explaining enhanced RS concentrations in annealed starches was postulated, 
which involved a streamlining process of the starch polymer chains whereby water 
uptake resulted in the loss of branching points in the molecular structures. The reduction 
in the number of branch points then allows a rearrangement and packing of the linear 
starch chains upon cooling and hence increases are observed in both RS contents and 
crystallinity values determined by XRD.  
 
11.6   Possible areas of future work  
 
This research project had a primary focus on the development of RS when sourced from 
wheat and its applications within food systems. There is strong potential for the research 
described in this thesis to be extended and applied in various other ways. In addition, a 
number of other research gaps have also been identified and these are now described.  
The starch granule is a complex structure and much has been learnt so that the 
characterisation has developed greatly during the last 50 – 60 years. Models for internal 
granular structure and hierarchy have been proposed and modified during this time, however, 
these do not yet appear to be completely understood. An area of complexity that requires 
further research is the effect of the internal structure on the morphological characteristics of 
the granule. Proposals have been put forward relating the amylose content and structure of 
amylopectin to the angular shape of corn starch or the smooth curved surfaces of wheat starch 
although no definitive explanations have been established at this point. Analyses of the 
internal granular structure need to be extended to observe the relationships and factors 
influencing granule size and shape.  
Whilst XRD provides an effective means of analysing changes to the internal granular 
structure, a number of unknown peaks were seen on diffractograms in this study. One clear 
area of research is the characterisation of starches sourced from pulses. Limited, although 
conflicting data currently indicates that these may possess either an A or C-type pattern. This 
also extends to pulse starch physicochemical properties where commercially, starch from 
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wheat, potato and corn provide the majority of what manufacturers utilise and alternative 
forms may diversify or enhance functional properties. The effects of isolation and preparation 
techniques warrant further investigation. 
Throughout this current project, XRD peaks were also observed that had not previously been 
reported in the literature. It was found that a number of cereal starches having the expected 
A-type pattern also displayed a strong peak at 44. This is not recognised as a characterising 
peak for A-type starches. In addition, commercial bread samples, both white and wholemeal, 
possessed dominant peaks at 29.5. Additional research is required into the characterisation 
of native starches and commercial breads using XRD and it is recommended that larger angle 
ranges and sample sizes might be investigated in future studies.  
Industrially, starch can be modified and utilised as a result of its functional properties in a 
number of ways, although in most cases this would usually involve some form of thermal 
treatment. Therefore the application of DSC as a means of thermally characterising starch 
provides a critical means of analysis, although as evident in this study variation is present in 
the samples analysed here and within the literature as well. An area of possible research 
would be to determine what factors affect the more applicable thermal properties of starch 
such as onset, offset and peak temperatures. However, it is recognised that a diversity of 
factors appear to affect these properties. In addition, changes in environmental conditions 
may be relevant and the potential significance of global warming might be considered.  
From the current research into the storage of bread, it is understood that starch 
recrystallisation and RS formation are both affected by temperature. Storage at refrigeration 
conditions accelerated starch recrystallisation and RS formation and at this stage the reason 
behind remains unclear. Further research around the influence of temperature on starch 
crystallisation, the shift to the B-type crystal and RS formation is required to understand more 
of what is happening at the molecular level.  
From the research done in the current study, annealing showed greater potential as a 
hydrothermal treatment over heat-moisture treatments for RS development. Few variables 
were altered with the annealing process and therefore additional experimentation is required 
to determine optima for the time, temperature, pH and moisture content and their effects upon 
RS formation.  
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A further series of studies could extend to the inclusion of enzymes including debranching 
enzymes such as pullullanase, based upon previous work showing their potential to increase 
RS concentrations in other starches. To date the use of the enzymes has not been explored in 
experiments with wheat starch. Although a hypothesis was put forward to explain the 
increase in RS as a result of annealing, additional research is required to further elucidate 
what the internal granular rearrangement actually involves. Methods of analysis used in this 
study that have proven to be useful include SEM, XRD, NMR and the determination of 
amylose to amylopectin. It is now recommended that these approaches be further applied and 
that these be continued with larger sample sizes. To facilitate this deeper exploration into 
annealing, additional methods of analysis should be considered and include those suggested 
in Table 11.1. 
 
Table 11.1   Additional methods for internal granular analysis  
 
Instrumental technique Functional property  
Fourier transform infrared 
spectroscopy  
Changes in the double helical 
structure of starch  
High performance size 
exclusion chromatography  
Molecular size distributions  
High performance anion-
exchange chromatography  
Chain length distributions & 
degree of polymerisation   
 
The resultant annealing method for increasing RS could then be extended and applied to food 
ingredients including flour and eventually food systems including breads or cakes. RS 
determination should be done concurrently to evaluate whether enhanced functionality is 
achieved. Additional methods of analyses should also be done to determine the 
physicochemical properties of RS and the potential implications for incorporation into a food 
system, particularly on dough rheology. Sensory evaluation would also play a critical role in 
the analysis of foods enhanced with RS, enabling an assessment of consumer acceptance and 
discrimination testing in comparison to similar products already available in the market-
place.  
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Another area of research that is lacking in the current literature relates to food microbiology 
and the ability of RS to act as a prebiotic in comparison to currently used prebiotics in the 
food industry. Fermentation rates, lag phases and the determination of SCFA production 
(particularly butanoic acid) would be effective means of comparison between the increasing 
array of prebiotic sources.  
Finally, it is hoped that the current study provides a basis for continued and enhanced efforts 
in an area that already has a relatively large amount of research conducted. Wheat flours, 
starches and products are used widely in the food industry for their functional properties, 
although potential is shown here for it to expand into enhancing the general health and 
nutrition of the ever expanding population, worldwide.   
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Resistant starch (RS) can form during storage of foods, thereby bestowing a variety of potential health
benefits. The purpose of the current study has been to determine the influence of storage temperature
and time on the crystallinity and RS content of bread. Loaves of white bread were baked and stored at
refrigeration, frozen and room temperatures with analysis over a period of zero to seven days. RS deter-
mination and X-ray diffraction (XRD) were used to evaluate the influence of storage temperature and
time on total crystallinity and RS content. The rate of starch recrystallisation was affected by storage tem-
perature and time, where refrigeration temperatures accelerated RS formation and total crystallinity
more than storage time at both frozen and room temperature. A strong statistical model has been estab-
lished between RS formation in bread and XRD patterns, having a 96.7% fit indicating the potential of XRD
to measure RS concentrations.
 2017 Elsevier Ltd. All rights reserved.1. Introduction
Starch is one of the most abundant polymers on earth and is the
primary energy reserve in plants (Copeland, Blazek, Salman, &
Tang, 2009). Starch exists in two forms, known as amylose and
amylopectin, in which both a(1?4) and a(1?6) bonds are present
to link the monomer units, D-glucose. Amylopectin has a much
higher average degree of polymerisation with a larger proportion
of the a(1?6) bonds so it is more highly branched than amylose
(Wrolstad, 2012). When individuals consume starch-based foods,
enzymes particularly a-amylase hydrolyse the glycosidic bonds
during digestion in both the mouth and small intestine. Eventually,
glucose is produced and transported across the small intestinal
wall into the bloodstream where it can either serve directly as an
energy source or be converted into fat for storage (Jackson &
McLaughlin, 2009).
In some cases, a portion of the starch is not enzymatically
degraded into glucose and this is referred to as resistant starch
(RS) (Wrolstad, 2012). The occurrence of this starch fraction was
first reported by Englyst, Wiggins, and Cummings (1982). To date,
five forms of RS have been identified in the scientific literature(RS1–RS5) and these differ in mechanism of resistance
(Homayouni et al., 2014). RS1, often found in seeds, milled grains
and legumes, is characterised by a physical barrier enveloping
the starch preventing enzymatic access (Fuentes-Zaragoza,
Riquelme-Navarrete, Sánchez-Zapata, & Pérez-Álvarez, 2010). RS2
is raw or native starch, found in certain foods particularly green
bananas and high amylose corn starches (Dupuis, Liu, & Yada,
2014). RS3 occurs in foods which have been subjected to one or
more heating and cooling cycles during which amylose has recrys-
tallised and cannot be enzymatically degraded by human enzymes.
It is found in pasta and potato salads and is of significant interest to
the food industry as it offers the potential for manipulation of pro-
cessing to enhance the RS content of foods (Sajilata, Singhal, &
Kulkarni, 2006). RS4 refers to starch that has been chemically mod-
ified by the addition of functional groups, including ethers and
esters, thereby limiting enzymatic access (Ashwar, Gani, Shah,
Wani, & Masoodi, 2016). RS5 has been recognised relatively
recently and arises when amylose complexes with free fatty acids
thereby reducing digestibility (Fuentes-Zaragoza et al., 2010).
RS has been shown to act as a carbon source for fermentation by
naturally occurring beneficial bacteria in the large intestine
(Zaman & Sarbini, 2016; Zhang, Xu, & Jin, 2012). A number of
important health benefits are associated with this fermentation
which has led to increased research for methods to enable the
industry to enhance RS concentrations in various starchy foods.
Such benefits include the production of short chain fatty acids
58 W.R. Sullivan et al. / Food Chemistry 228 (2017) 57–61which lower the pH of the colon aiding in preventing the growth of
pathogenic bacteria and encouraging the proliferation of friendly
bacteria (Sharma, Yadav, & Ritika, 2008). One in particular, buta-
noic acid, is not only a preferred energy source for the colonic cells,
but also has been linked with inducing apoptosis of tumour cells in
the colon (Clarke et al., 2012). In addition to its potential contribu-
tion to bowel health, RS also has strong applications in the man-
agement of weight loss and diabetes through its low glycaemic
index functionality (Srikaeo & Sangkhiaw, 2014) and hormone reg-
ulation (Zhou et al., 2006).
As RS3 is recrystallised amylose, RS may contribute to total
crystallinity and hence measurement of X-ray patterns via X-ray
diffraction (XRD) has potential for evaluating relative RS concen-
trations. XRD has also been used by numerous authors in an
attempt to understand the complex mechanisms involved during
staling (Fadda, Sanguinetti, Del Caro, Collar, & Piga, 2014;
Ribotta, Cuffini, León, & Añón, 2004). Aguirre, Osella, Carrara,
Sánchez, and Buera (2011) investigated the effect of storage tem-
perature on crystallinity using XRD, but RS content was not deter-
mined in that study. Further, Yadav (2011) examined the effects of
dough formulations and baking conditions on RS content, although
storage temperature was not taken into account and XRDmeasure-
ments were not performed. Therefore XRD could be particularly
advantageous as the current enzymatic method is expensive and
time consuming. Hence, the overall aim of this investigation was
not only to see the effect of storage temperature on RS formation
during breadmaking but also to observe if there is a relationship
between RS content and X-ray diffractogram patterns.2. Methods and materials
2.1. Bread preparation, storage and sampling
The experiments involving preparation, storage and analysis of
baked loaves were carried out in triplicate.2.1.1. Loaf preparation
For white bread production, the ingredient proportions were:
100.0% white baker’s flour, 63.0% water, 2.0% caster sugar, 2.0%
canola oil, 1.7% table salt, 1.5% dried yeast and 1.1% bread impro-
ver. Note that all percentages are relative to the total flour weight.
All ingredients were weighed and then mixed in a Kitchen Aid
heavy duty 10 speed bench mixer (Model 5kPM50, Benton Har-
bour, USA). The bread flour (Manildra Group, Gladesville, New
South Wales), contained 13.1% protein, 66.8% carbohydrates, 1.6%
total lipid, 0.61% ash and 13.5% moisture.
Initially, mixing was carried out on a slow speed (setting 1) for
4 min followed by a further 6 min at a higher speed (setting 6),
until gluten was well developed. The dough was then covered with
a damp tea towel and allowed to prove at room temperature for
one hour. The dough was then briefly kneaded and divided into
380 g portions and moulded into greased bread tins. The second
proofing occurred in a humidifier at 37 C for 30 min at a relative
humidity of 85%. Finally, the doughs were baked initially for
10 min at 230 C and then for a further 15 min at 200 C.2.1.2. Storage of bread loaves
Once baked and cooled, loaves were packed into airtight seal-
able bags and placed either at room, refrigeration or frozen tem-
peratures and stored for various periods of up to 7 days. The
storage conditions corresponded to temperatures that were mea-
sured as 20 C, 3.5 C and 17 C, respectively. The temperatures
and storage times were chosen as these conditions reflect how
the majority of Australian consumers store bread.2.1.3. Sample preparation
Samples were prepared by freeze drying, using a procedure sim-
ilar to that of Buddrick, Jones, Hughes, Kong, and Small (2015) and
Mihhalevski et al. (2012), with minor adaptations. Samples were
taken from each representative storage sample on days 0 (day of
baking), 1, 4 and 7. This was done by taking 1 cm slices from the
middle of the loaf and finely dicing. Once diced, they were placed
into sealable bags which were immersed into a Dewar of liquid
nitrogen, instantly freezing the samples. The frozen bread samples
were freeze dried (Opergon Freeze Dryer, Korea) for a period of 4 h
at 55 C. The resultant samples were ground using an IKA Univer-
sal Mill 20 fitted with a 1.0 mm sieve and the freeze dried powders
were stored at 18 C until analyses were carried out.
2.2. Sample analysis
2.2.1. X-ray diffraction
X-ray diffractograms of the subsamples were obtained using a
Bruker D4 Endeavor under the following conditions: 2h range of
5–90, voltage of 40 kV, current of 35 mA, rate of 0.3/s and a step-
size of 0.02. From the X-ray diffractograms, the degree of crys-
tallinity (DC) was calculated using the formula used by both
Mihhalevski et al. (2012) and Ribotta et al. (2004).
Degree of crystallinity ð%Þ ¼ Ic
Ic þ Ia
Where:
Ic = The integrated area of the crystalline phase; and
Ia = The integrated area of the amorphous phase.
2.2.2. Moisture content
The moisture content of the freeze dried, ground bread samples
was measured according to the American Association of Cereal
Chemists (AACC) International air oven method. Empty aluminium
dishes with lids were placed in a pre-heated oven set at 130 C.
After 1 h the dishes were removed and allowed to cool for
30 min in a desiccator containing active silica gel desiccant, then
weighed on a four-figure balance. Subsamples (5 g) were accu-
rately weighed into these preheated, cooled and weighed dishes.
The samples were then dried at 130 C for 1 h, cooled in a des-
iccator for 30 min with subsequent weighing. This procedure of
drying, cooling and weighing was repeated three times until a con-
stant sample weight was achieved and then the final moisture con-
tent was determined by:
Moisture content ð%Þ ¼ Total weight weight postdrying
Sample weight
 1002.2.3. Resistant starch content
The RS content of the samples was determined according to the
AACC International method (AACC 32-40.01), using an enzyme
assay kit obtained from Megazyme International (Bray, Ireland).
Subsamples (100 mg, accurately weighed) were exposed to both
pancreatic a-amylase and amyloglucosidase at 37 C for exactly
16 h in a shaking water bath.
The combination of these enzymes hydrolysed the non-
resistant portion of the starch into D-glucose; further reaction
was terminated by the addition of ethanol. After centrifuging and
decanting (three repetitions), a pellet was obtained containing
the RS. This was then dissolved in 2 M KOH in an iced water bath
with vigorous magnetic stirring.
The solution was then neutralised with an acetate buffer and
the starch of the redissolved pellet was hydrolysed to D-glucose
using amyloglucosidase. The D-glucose was treated with the
oxidase/peroxidase reagent (GOPOD) and A510 measured for
Fig. 2. XRD patterns of bread loaves stored at different temperatures. a = 17 C,
b = 3.5 C & c = 20 C.
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spectrophotometer. The absorbance values were used to calculate
the RS content of the subsamples as described by the supplier of
the analysis kit.
2.3. Statistical analysis
Partial Least Squares was used to model the relationship
between the RS content and XRD diffractograms with four latent
variables. Leave out one cross-validation was used to validate the
model. This procedure involved omitting one sample, formulating
a model on the other samples, then predicting the RS. This
approach was then repeated for each sample. The effect of both
storage temperature and storage time on RS content and crys-
tallinity was also studied using one-way ANOVA.
3. Results and Discussion
The baker’s flour displayed an A-type XRD pattern (Fig. 1),
which is characteristic for cereal starches, having peaks at 2h
angles of 15, 17, 18 and 23 (Mihhalevski et al., 2012). Following
baking, the loaf samples (day 0) showed a dramatic loss in crys-
tallinity and relative increase in the amorphous region
(Fig. 2a to c) compared to the original baker’s flour (Fig. 1). This
is an expected result of the baking process which causes the starch
granules to undergo gelatinisation corresponding with observa-
tions that the granules lose birefringence (Copeland et al., 2009).
From day 0 onwards the process of starch recrystallisation, or,
retrogradation, was evident under all storage conditions, although
occurring at different rates (Fig. 2a to c). The recrystallisation peaks
formed at a faster rate in the loaves stored at 4 C, more slowly
under ambient conditions and the slowest at -18 C. From a kinetic
perspective, it might be predicted that bread stored at the highest
temperature would retrograde fastest but this was not observed.
This confirms previous observations from which it has been
hypothesised that more crystals of a smaller size are formed upon
storage at 4 C (Aguirre et al., 2011; Bosmans, Lagrain, Fierens, &
Delcour, 2013; Bosmans, Lagrain, Ooms, Fierens, & Delcour, 2014).
Total crystallinities (Fig. 3) demonstrate the trend observed in
the XRD diffractogram results. There are two phases to this graph:
(1), a sharp increase, followed by (2), a diminished rate. It is known
that the different starch fractions retrograde at different stages and
rates: amylose crystallises first in a matter of minutes to hours
whereas the changes for amylopectin occur at a slower rate, over
a period of days (Wrolstad, 2012). This may explain the observa-
tions in Fig. 3, where the initial increase corresponds to the amy-
lose portion retrograding, followed by amylopectin. These
findings are similar to those of Aguirre et al. (2011) indicating that5 25 45 65 85 
2
Fig. 1. XRD diffractogram of baker’s flour displaying the characteristic A-type
pattern.
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Fig. 3. Total crystallinity of bread samples during extended storage at selected
temperatures.starch association continues during storage. This is, however, dif-
ferent to an earlier report by Ribotta et al. (2004) which found that
starch retrogradation only increases in the first 24 h of storage.
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Fig. 4. Changes in RS content of loaves during storage.
60 W.R. Sullivan et al. / Food Chemistry 228 (2017) 57–61A major change in crystallinity was evident from the diffrac-
tograms regardless of the storage temperature. The new peaks that
form over time are not characteristic of the A-type found in the
baker’s flour, but are of the B-type, which is commonly associated
with tuber starches (Copeland et al., 2009). These B-type crystals
are evident at 2h angles of 17 and 20–23 (Mihhalevski et al.,
2012) (Fig. 2a to c). This crystalline shift has also been observed
by Aguirre et al. (2011) and Ribotta et al. (2004).
When samples were analysed for RS contents using enzymatic
analysis, an increase in RS was found over time for each storage
temperature (Fig. 4), showing similar overall trends to that dis-
played by the crystallinity data (Fig. 3). Interestingly, the bread
stored at 4 C showed an increased rate of RS formation compared
to the other storage temperatures, and the relative changes are
similar to those of the crystallisation rates. This demonstrates a
link between RS content and total crystallinity, as measured by
X-ray diffractometry, thereby indicating that at least a proportion
of the total crystalline content is due to RS formation. A recent
study by Amaral, Guerreiro, Gomes, and Cravo (2016) investigated
the variables affecting RS formation in white bread. They reported
that RS content decreased after three days of storage and that RS
formation was greatest under ambient storage conditions. The
apparent contradictions in the results of the different studies
may be attributed to variations in formulation. For instance,
Amaral et al. (2016) incorporated no additional lipid, which is
not only known to delay retrogradation (Fadda et al., 2014) butFig. 5. The correlation of RS predicted from Xalso contribute to RS formation (RS5) (Raigond, Ezekiel, &
Raigond, 2015).
From a nutritional perspective, the advantages of a bread that is
high in RS are clear, although corresponding sensory attributes of
breads having elevated levels of crystallised starch are recognised
(Bosmans et al., 2013, 2014; Izadi Najafabadi, Le-Bail, Hamdami,
Monteau, & Keramat, 2014). Bosmans et al. (2013) proposes that
these sensory attributes are a result of amylopectin junction zones
having the ability to trap relatively large amounts of free water
inside the starch network. This ultimately reduces moisture migra-
tion from crumb to crust thereby increasing bread firmness and
contributing to the undesired staling effect.
Despite no sensory or textural analysis being done in the pre-
sent study, strong correlations between RS formation and crys-
tallinities (Fig. 5) would indicate that bread high in RS would
also have increased firmness characteristics. Further work might
include sensory evaluations to investigate methods of enhancing
RS concentrations in bread whilst maintaining acceptable sensory
properties.
When the current data was evaluated by ANOVA, p-values for
the influence of storage temperature and time on crystallinity were
0.000 and 0.000, respectively. In addition, RS content for time and
temperature showed p values of 0.022 and 0.014, respectively.
These indicate that both storage time and temperature have a
highly significant effect on both the RS concentration and crys-
tallinity of bread. This strong relationship was confirmed with
the results of Partial Least Squares analysis having a 96.7% fit for
the model, with 4 latent variables (Fig. 5). Cross validation showed
decreased fit levels, although more samples would need to be
included to confidently test the usefulness of using XRD to predict
RS content. Therefore, XRD has potential to be used as a method for
prediction RS concentrations in bread. Additional experimentation
involving a larger number of samples would be required to estab-
lish whether XRD can be used to reliably predict RS concentrations.4. Conclusions
During the storage of baked loaves, the formation of RS followed
very similar patterns to those of total crystallinity, indicating that
starch retrogradation is strongly influenced by temperature. The
close correlation between these two variables has been demon-
strated here statistically. Refrigeration temperature was observed
to enhance RS formation and recrystallisation more than eitherRD data and RS analysed enzymatically.
W.R. Sullivan et al. / Food Chemistry 228 (2017) 57–61 61ambient or frozen conditions and a shift in crystalline pattern from
the A- to the B-type was also evident. RS has a wide range of health
benefits associated with its consumption and the current research
suggests that bread stored at refrigeration temperatures has
greater potential to provide these benefits. In addition, XRD is
shown to be a cheaper, faster alternative for RS concentration cat-
egorisation in bread. These findings should be extended to identify
strategies to further enhance RS concentrations in bread and
explore the link with XRD patterns in additional detail whilst tak-
ing into account sensory attributes.
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